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ABSTRACT

Neural Hypervigilance in Trauma-exposed Women
by
Annie Seungyeon Yoon
Adviser: Mariann Weierich PhD

Trauma-exposed people often experience hypervigilance, which is a tonic condition of
elevated alertness and excessive scanning for potential threat. A cardinal feature of
hypervigilance is that no actual threat is needed to evoke or maintain the over-alertness and
heightened affective response. However, most neuroimaging research in trauma to date has only
focused on reactivity to an actual threat. Thus, the overarching aim of this dissertation was to
investigate neural signatures and salivary markers of post-trauma hypervigilance in the absence
of threat that can cause impairment in daily functioning and contribute to developing other
trauma-related symptoms such as heightened threat reactivity.
The specific goal of Study 1 was to investigate the mechanisms of post-trauma neural
hypervigilance in the absence of threat by testing the association between trauma exposure and
persistent amygdala hyperactivity to affectively information even when it becomes familiar.
Trauma-exposed women (n=24) showed persistent amygdala activity to familiar neutral images,
whereas no-trauma controls (n=20) showed efficient amygdala habituation. Thus, these data
suggest that hypervigilant amygdala response to affectively ambiguous information, even when
the information becomes familiar, might be a neural signature of post-trauma hypervigilance.
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The specific goal of Study 2 was to investigate the potential role of cingulum and
uncinate fasciculus, the white matter tracts that connect the amygdala to the prefrontal control
regions, in trauma-related neural hypervigilance, indexed by less discrimination between
amygdala activation to novel and familiar affective images. Trauma-exposed women (n=22)
showed less discrimination between novel and familiar negative images in the amygdala
compared to no-trauma controls (n=20). In trauma-exposed women, less amygdala
discrimination between novel and familiar affective images was associated with less structural
integrity in the anterior cingulum. Therefore, the anterior cingulum might play an important role
in impaired novelty discrimination for affective information in the amygdala that might
potentially lead to persistent hypervigilance.
The specific goal of Study 3 was to test the utility of salivary alpha amylase and cortisol
as potential biomarkers that predict neural hypervigilance in trauma-exposed people. In trauma
exposed women (n=20), salivary alpha amylase reactivity was associated with neural reactivity
in the salience network in response to negative scenes and neural hypervigilance as indexed by
response to neutral scenes. These results suggest that salivary alpha amylase might serve as a
marker of trauma-related reactivity to threat, and also as a marker of hypervigilance in the
absence of threatening information.
Taken together, these data contribute to our understanding on neural mechanisms of tonic
vigilance and maladaptive affect in trauma survivors, and opens the possibility of using salivary
alpha amylase as a biomarker of hypervigilance.
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Chapter 1: General Introduction
More than 10 million people every year, and more than half of the population in their
lifetime, experience at least one traumatic event in the US (Benjet et al., 2016; Kessler et al.,
2005). Trauma exposure occurs when a person is exposed to death, threatened death, actual or
threatened serious injury, or actual or threatened sexual violence. One might be exposed to
trauma directly or indirectly by witnessing the event, learning about the event that happened to a
relative or close friend, or repeated exposure to aversive details of the event (American
Psychiatric Association, 2013). Exposure to an extreme stressor such as a traumatic event leads
to acute activation of stress systems and subsequent changes in physiology, behavior, and
cognition to enable a response to threat. In most people, this normative reactivity subsides with
time, enabling them to return to normal functioning (e.g., McFarlane, 2000). However, some
trauma survivors experience enduring stress system hyperactivity, which is associated with a
broad profile of adverse mental and physical health outcomes (e.g., Norman et al., 2006; Scott et
al., 2013).
One of the key components of chronic post-trauma stress response is hypervigilance,
which is a tonic condition of excessive visual scanning of the surroundings and heightened
arousal and readiness to act even in an innocuous setting (e.g., Dalgleish et al., 2001; Kimble et
al., 2014). When attentional resources are continuously recruited to search for potential threat
when in fact there is none, focusing on task-relevant information becomes difficult (e.g., Pineles
et al., 2009). Thus, hypervigilance can lead to impaired functioning and cause distress in trauma
survivors, regardless of whether they meet criteria for post-traumatic stress disorder (e.g.,
Norman, Stein, & Davidson, 2007). Further, early presence of hypervigilance/hyperarousal
symptoms following trauma exposure is a more robust predictor of slower recovery from trauma
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compared to other trauma-related symptoms such as re-experiencing and avoidance (e.g., Schell,
Marshall, & Jaycox, 2006).
Despite the accumulating evidence indicating that behavioral hypervigilance might be a
key candidate predictor of post-trauma functioning, most neuroimaging research in trauma has
only focused on reactivity to an actual threat. Thus, it is necessary to map neurobiological
mechanisms of hypervigilance that can severely interfere with daily activities and also set the
stage for the experience of other symptoms including heightened reactivity. In addition, we have
yet to identify an easily accessible and non-invasive biomarker of post-trauma hypervigilance
that could potentially contribute to more precise diagnosis and effective treatment strategies.
The accumulating literature in neurobiology of stress suggests that the variations in the
multiple levels of neural systems, including the central nervous system, peripheral nervous
system, and neuroendocrine system, underlie physiological and behavioral symptomology of
hypervigilance (e.g., Eisenberger & Cole, 2012; Patel et al., 2012) . Further, these systems that
support stress response and vigilance/attention mechanisms interact in a constant and dynamic
manner. Guided by this comprehensive theoretical approach, we tested the following interrelated neurobiological mechanisms of post-trauma hypervigilance on the level of function and
the structure of the central nervous system centered on the amygdala, the sympathetic nervous
system, and the stress-related neuroendocrine system (see Figure 1).
First, in the central nervous system, abnormal activity in the salience network, centered
around the amygdala, might play a crucial role the heightened state of vigilance for potential
threat in trauma-exposed people. Affectively salient or threat-related information activates the
salience network, which is implicated in vigilance, processing of affective information, and
initiation of the stress response (e.g., Hermans et al. 2011). The key nodes of the salience
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network include the amygdala, the dorsal anterior cingulate cortex (dACC), and the rostral
middle frontal gyrus (i.e., the core areas of dorsolateral and dorsomedial prefrontal cortex) (e.g.,
Bryant el al., 2005).
Second, brain regions in the grey matter in the central nervous system are connected via
white matter tracts that transport information between different brain areas for further
information processing and integration. The amygdala, one of the core regions of the salience
network, is connected to the prefrontal cortex (PFC) regions that are implicated in top-down
regulation of the limbic affective response via two major white matter pathways including the
cingulum and the uncinate fasciculus (e.g., Catani et al., 2012; Schmahmann & Pandya, 2006).
Less structural integrity in the cingulum and the uncinate fasciculus might result in inefficient
communication between the amygdala and the prefrontal control regions, which in turn lead to
hypervigilant amygdala activity.
The third component of neurobiology that might underlie hypervigilance is the
sympathetic nervous system in the peripheral nervous system. Sympathetic nervous system
(SNS) is immediately activated in response to a stressor, and extreme stress such as trauma might
alter its function. Abnormal activation in the salience network is closely related to such
alterations in the SNS due to the extensively interconnections between the salience network and
the central sympathetic network including the hypothalamus and locus coeruleus (e.g.,
Westerhaus and Loewy, 2001). Through multi-synaptic anatomical connections, cortico-limbic
circuitry, anchored by the amygdala, modulates the sympathetic physiological responses (Viljoen
& Panzer, 2007).
Fourth, dysfunctional hypothalamic-pituitary-adrenal (HPA) axis of the neuroendocrine
system might serve as an index of hypervigilance. The salience network, via the amygdala, also
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plays a role in modulating the HPA axis, as evidence shows the excitatory effects of the
amygdala have significant effect on the release of glucocorticoids including cortisol (e.g.,
Weidenfeld & Ovadia, 2017).
Based on the model described above, we first tested the functional mechanisms of
hypervigilance by focusing on the differences in the amygdala activity in the absence of threat
between trauma-exposed people and no-trauma controls (Chapter 2). One of the key neural
mechanisms underlying tonic hypervigilance might be impaired habituation to affective
information in the salience network. In healthy people, the amygdala initially activates to novel
stimuli, which by virtue are always potentially threatening, but the degree of activation decreases
with repeated encounters (e.g., Weierich et al., 2010). This normative habituation process in the
amygdala might be impaired in a hypervigilant state. For example, post-traumatic stress is
associated with less amygdala habituation to affective information, such as fearful faces (Shin et
al., 2005) and words that describe high arousal states (Protopopescu et al., 2005). Further,
affectively neutral information, due to its ambiguity and uncertainty, might trigger heightened
stress and threat-related neural responses even when the information becomes familiar. A few
existing studies reported greater amygdala response to neutral information in people with
trauma-related symptoms or high state anxiety (e.g., Brunetti et al., 2010; Garrett et al., 2012),
suggesting that variability in the salience network response to neutral information might be
central to understanding post-trauma hypervigilance for potential threat even in innocuous
environments. Thus, the purpose of Chapter 2 was to test the hypotheses that trauma-exposed
people show persistent amygdala activation to familiar negative and familiar neutral information
compared to no-trauma controls.
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In Chapter 3, we combine functional and structural imaging data to investigate the
variability in the white matter tracts that might potentially contribute to persistent amygdala
novelty response, or less discrimination between amygdala activation to novel and familiar
affective images. Previous studies have yielded mixed results regarding the association between
trauma-related symptoms and structural integrity of these white matter tracts (e.g., Abe et al.,
2006; Hu et al., 2016). The inconsistencies in the literature might be partially due to self-report
biases in symptom assessment as well as wide-range of post-trauma symptom profiles. Thus, we
indexed hypervigilance by an objective neural marker (i.e., functional activation of the amygdala
to novel and familiar affective images), and tested its relation to the structural integrity of the
cingulum and the uncinate fasciculus.
In Chapter 4, we assessed SNS (alpha amylase) and HPA axis (cortisol) reactivity to a
trauma reminder as predictive markers of hypervigilant activation patterns in the salience
network. Due to easy accessibility and cost-efficiency, salivary stress analytes might be valuable
candidate biomarkers of maladaptive post-trauma functioning including hypervigilance. Salivary
cortisol, a stress hormone of the hypothalamic-pituitary-adrenal (HPA) axis that has received a
lot of attention as a potential marker for stress, has been unreliable in predicting symptoms in
trauma-exposed adults (e.g., Lindley et al., 2004; Mewisee et al., 2007; Simeon et al., 2007). We
proposed that salivary alpha amylase, which indexes sympathetic nervous system (SNS) activity
(e.g., Nater and Rohleder, 2009), might be a more reliable neuroendocrine marker of heightened
sensitivity to potential threat.
In summary, the overarching goal of the current multi-method research was to investigate
candidate neural signatures and salivary biomarkers of post-trauma hypervigilance that persists
even in the absence of threat, over the course of following three studies. In Chapter 2, we
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investigated the mechanisms of neural hypervigilance in trauma-exposed people by testing the
association between trauma exposure and a persistent heightened amygdala response to
affectively neutral and negative information even when it becomes familiar. In Chapter 3, we
investigated the potential role of cingulum and uncinate fasciculus integrity in trauma-related
neural hypervigilance. In Chapter 4, we tested the utility of salivary stress hormones as potential
biomarkers that predict neural hypervigilance in trauma-exposed people.
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Figure 1. Neurobiological model of hypervigilance. This model that was tested in this
dissertation encompasses multiple levels of neurobiology that might underlie hypervigilance
following trauma exposure. In the central nervous system, we focused on the salience network
activity, anchored on the amygdala, in order to test the neural signatures of hypervigilance for
potential threat (Chapter 2). We further tested the relation between the amygdala function and
the integrity of the white matter structures that connect the amygdala to the prefrontal control
regions in trauma-exposed people and no-trauma controls (Chapter 3). In addition, we tested the
relation between the threat-related activation of the salience network and the salivary analytes of
the sympathetic branch of the autonomic nervous system and the hypothalamic-pituitary- adrenal
axis of the neuroendocrine system in trauma-exposed people (Chapter 4).
Note. The diagrams of the SNS and HPA-axis were adopted from “Social neuroscience and
health: neurophysiological mechanisms linking social ties with physical health” by N.
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Eisenberger and S. Cole, 2012, Nature Neuroscience, 15, p. 669-674, Copyright 2012 by Nature
America, Inc.
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Chapter 2: Study 1 (Yoon & Weierich, Under review)3
1. Introduction
People exposed to trauma are at high risk for developing chronic hypervigilance, which is
a state of consistently elevated arousal and alertness for potential threat. (e.g., Kimble et al.,
2014). Although enhanced selective attention to the cues of a threat in a dangerous situation is
adaptive, an alerted state that persists even in the absence of threat impairs daily functioning and
causes significant distress to trauma survivors. In a hypervigilant state, attentional resources are
allocated to searching for affectively salient information at the cost of a compromised capacity to
focus on goal-oriented information (e.g., Pineles et al., 2009). Moreover, chronically elevated
arousal can contribute to developing other trauma-related symptoms that are episodic such as reexperiencing and avoidance (e.g., Chemtob et al., 1988).
It is well documented that the amygdala, a critical node in the neural salience network,
shows heightened reactivity to actual threat or trauma-related stimuli in trauma-exposed people
(e.g., Patel et al., 2012; Rauch et al., 2006). Although the neural mechanisms underlying
maladaptive affective reactivity to threat have been extensively studied (e.g., Hayes et al., 2012),
the mechanisms underlying the chronic state of hypervigilance in the absence of threat are not
known. Given that hypervigilance is characterized by a pervasive and overgeneralized threat and
stress response state, investigation of this phenomenon beyond excessive neural reactivity to
obvious threat or unpleasant stimuli is necessary.
Affectively neutral information, due to its inherent ambiguity, might evoke a heightened
amygdala response in a hypervigilant state. Neutral images, however, usually are used as a
baseline condition to contrast with a condition of interest (e.g., unpleasant images) in studies

3

Yoon, S.Y., & Weierich, M.R. Neural hypervigilance in trauma-exposed women: Persistent amygdala activation to
familiar neutral information. Manuscript under review.
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such as fMRI investigations of maladaptive affective processing (e.g., Stevens et al., 2017;
Williams et al., 2006). A few existing studies of individual differences in the neural response to
affectively neutral stimuli reported heighted amygdala response to neutral information in people
with trauma exposure (Brunetti et al., 2010; Garrett et al., 2012) and in people with greater state
anxiety (Somerville et al., 2004). Although limited, these data suggest that the variability in the
affective response to neutral information might be central to a comprehensive understanding of
abnormally heightened vigilance and stress system activation following trauma.
An exaggerated affective response to neutral information might be particularly
problematic and distressing when the heightened response persists even when the neutral stimuli
become familiar through repeated encounters. Novelty, which by nature always constitutes
potential threat, activates the amygdala independently of valence and arousal (e.g., Weierich et
al., 2010). The initial amygdala response to novel stimuli is adaptive, as it supports readiness to
react to threat if necessary. When the stimuli are repeatedly presented, the amygdala quickly
habituates in most people (e.g., Breiter et al., 1996; Fischer et al., 2003; Schwartz et al., 2003).
On the other hand, trauma-exposed people might show less amygdala discrimination between
novel and familiar affective images. For example, trauma exposure is associated with less
amygdala habituation to repeated unpleasant affective scenes (Yoon & Weierich, 2017), fearful
faces (Shin et al., 2005), and the words that describe high arousal states (Protopopescu et al.,
2005). Given the tonic and pervasive nature of trauma-related hypervigilance, trauma exposure
additionally could be associated with a persistent heightened amygdala response to neutral
information even when it becomes familiar.
In contrast to the vast research showing amygdala reactivity to actual threat, much less is
known about neural hypervigilance for potential threat that persists in an innocuous situation. We
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propose that persistent amygdala activation to familiar (i.e., already-seen) negative and familiar
neutral information might be potential neural markers of trauma-related hypervigilance.
Therefore, we tested the hypotheses that trauma-exposed people show greater amygdala
activation to familiar negative and familiar neutral information compared to no-trauma controls.
2. Method
2.1. Participants
We recruited 24 trauma-exposed women and 20 women with no trauma exposure (see
Table 2 for participant characteristics) from a large urban university in the northeast US. The
presence or absence of trauma exposure was assessed using the trauma exposure criterion
(Criterion A) of the posttraumatic stress disorder (PTSD) module of the Diagnostic and
Statistical Manual of Mental Disorders IV. All 44 participants were right-handed and passed a
standard MRI safety screen.
2.2. Procedure
Two study sessions were conducted on two separate days. The first study session
included the Structured Clinical Interview for DSM-IV (SCID) and a brief set of questionnaires.
The second session was scheduled within a week of the first session and included the MRI scan.
The MRI scan sequence consisted of T1-weighted structural scans, BOLD T2*-weighted task
fMRI scans. All procedures were approved by the Institutional Review Board.
2.2.1. Structured clinical interview.
We conducted the SCID for all DSM-IV Axis I disorders to exclude participants who met
criteria for major disorders with the exception of PTSD. No participant met criteria for other
major diagnoses. Three participants reported current use of prescription medications: 2 traumaexposed participants reported prescription medications (1 Prozac, 1 unspecified non-
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psychoactive medication), as did one control participant (Wellbutrin, Lexapro). The data from
these participants did not differ from the data of the other participants in each group and we
retained them in the analyses.
2.2.2. Questionnaires.
Following the SCID, participants completed a set of questionnaires, which included the
Perceived Stress Scale (PSS, Cohen et al., 1983), the State-Trait Anxiety Inventory – State
Version (STAI-S, Spielberger et al., 1983), and the Beck Depression Inventory II (BDI-II, Beck
et al., 1996). During the second study session, participants completed the STAI-S and BDI-II
before the MRI scan.
We used the PSS to measure the degree to which each participant appraised her life as
stressful during the past month, and the STAI-S to measure current state anxiety. The BDI-II was
used to measure depressed mood experienced in the past week. Although we report the
descriptive statistics of the PSS and STAI for each group to provide a general characterization of
our sample, we made the decision not to include them as control variables, as perceived stress
and state anxiety overlap considerably with hypervigilance/hyperarousal symptoms
phenomenologically. We used the BDI to control for depressed mood in between-group analyses.
2.2.3. FMRI task.
The fMRI task consisted of 4 event-related functional runs. During each run, participants
viewed 60 full-color images of randomly presented complex scenes that were positive, negative,
or neutral in valence. We selected task stimuli from a stimulus set currently being normed in our
lab. The set is designed to depict scenes (rather than discrete objects or single people/animals),
and allows us to balance relevant affective elements such as social versus non-social content. We
selected scenes for this task based on valence and arousal ratings collected from an initial sample
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of 748 healthy adults. Runs 1 and 2 were novel; participants viewed each of the images in each
run for the first time. Runs 3 and 4 were familiar; images from Runs 1 and 2 were repeated in
Runss 3 and 4. Inter-trial jitter ranged from 1500ms to 6000ms and each run was 332 seconds
long. During each trial, participants viewed a fixation cross for 500ms, followed by an image for
3500ms. Participants were asked to press a button on a button box to indicate whether the scene
was indoors or outdoors (trauma-exposed n=15; control n=17) or to rate the arousal level for
each image (trauma-exposed n=9; control n=3)4. The task was designed and presented using Eprime experimental software (Psychology Software Tools, Pittsburgh, PA) on a PC.
2.2.4. MR image acquisition.
We used a Siemens Magnetom Trio Tim 3T fMRI scanner with a 32-channel gradient
head coil. A localizer scan was followed by a whole brain magnetization prepared rapid gradient
echo (MPRAGE) sequence to acquire high-resolution T1-weighted images (TR/TE/flip angle =
2.17s/4.33ms/ 7°, field of view (FOV) = 256 x 256 mm2, matrix = 256 x 256, slice thickness =
1.2 mm, voxel size = 1 x 1 x 1.2 mm3). Functional MRI images were acquired using a blood
oxygen level dependent (BOLD) echoplanar (EPI) T2*-weighted sequence (TR/TE/flip angle=
2.0s/30ms/90°, FOV = 220 x 220 mm2, matrix = 64 x 64, slice thickness = 4mm, voxel size =
3.44 x 3.44 x 4 mm3). The T1and T2*-weighted images were collected in the same plane (30
axial slices angled perpendicular to the AC/PC line) with an interleaved excitation order and foot
to head phase encoding.
2.3. fMRI data preparation
Functional MRI data were analyzed using Freesurfer FS-FAST software (v5.3;
http://surfer.nmr.mgh.harvard.edu). Functional imaging data were motion corrected to the middle
4

The task difference was due to experimenter error. There were no differences by task type in amygdala habituation
or in reaction time, ps > 05. When we entered task type as a covariate in our planned analysis, the results did not
change. We therefore report analyses without task type as a covariate.
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time point of each BOLD run, and inspected for gross motion. Slices were excluded if motion
was greater than 1mm. BOLD data were intensity normalized and spatially smoothed (fwhm =
4mm) using a 3D Gaussian filter. The first three volumes in each run were discarded to allow for
T2* equilibration. Following preprocessing, functional images for each participant were
registered to that participant’s 3D MPRAGE image.
We modeled functional data in the amygdala for the following 6 contrasts: Novel
Negative versus Fixation, Novel Neutral versus Fixation, Novel Positive versus Fixation,
Familiar Negative versus Fixation, Familiar Neutral versus Fixation, and Familiar Positive
versus Fixation. Bilateral amygdalae were defined a priori based on the Desikan-Killiany atlas
(Desikan et al., 2006) using an automated segmentation tool in Freesurfer.
We estimated the General Linear Model (GLM) for each contrast using a finite impulse
response (FIR) function, which captures any shape of hemodynamic response up to a given
frequency limit (Dale & Buckner, 1997; Glover, 1999; Goutte et al., 2000; Ollinger et al., 2001).
The FIR function estimates the BOLD response at each post-stimulus time utilizing the
successive time bins. We utilized ten 2-s bins starting 4 seconds pre-stimulus. We report the
functional data from 0 -10s post-stimulus onset (Table 1).
2.4. Data analysis
As a first step, we replicated the previous findings on of less amygdala discrimination
between novel and familiar affective images in trauma exposed participants versus controls. We
conducted repeated measures ANOVAs with Time Point (1 - 5) and Novelty (Novel, Familiar)
for Negative, Neutral and Positive conditions. Significant Time Point x Novelty interactions
were followed by univariate ANOVAs to localize the significant differences between novel and
familiar conditions.
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Next, to analyze group differences in the time course of the amygdala activation, we
conducted another set of repeated measures ANOVAs for each contrast with Time Point (1 5) as
a within-group factor, Group (trauma-exposed group, no-trauma control group) as a betweengroup factor, and depressed mood (Session 2) as a covariate. Significant Time Point x Group
exposure interactions were followed up by univariate ANOVAs.
3. Results
3.1. Descriptive statistics
Trauma-exposed women reported greater depressed mood, state anxiety, and perceived
stress, ps = .001 .020 (Table 2). There were no age differences between groups, t(42) = 1.27 , p =
.211 , Cohen’s d = .39.
3.2. Discrimination between novel and familiar information in the amygdala response in each
group
3.2.1. Trauma-exposed group
Trauma-exposed women did not show novelty discrimination in the amygdala response
to any image category (Figure 2). The main effect of Novelty was not significant in the bilateral
amygdala response to negative (right: F(1, 19) = 1.41, p = .249, ηp2 = .058; left: F(1, 23) = 1.00,
p = .327, ηp2 = .042), neutral (right: F(1, 23) = .353, p = .558, ηp2 = .015; left: F(1, 23) = 1.01, p
= .326, ηp2 = .042) or positive images (right: F(1, 23) = 1.86, p = .186, ηp2 = .075; left: F(1, 23)
= 2.303, p = .143, ηp2 =.091). In addition, the Time Point x Novelty interaction was not
significant for negative (right: F(4, 92) = 1.76, p = .144; ηp2 = .071; left: F(4, 92) = 1.95, p =
.109, ηp2 = .078), neutral (right: F(4, 92) = .368, p = .737, ηp2 = .016; left: F(4, 92) = 2.37, p =
.058, ηp2 = .094) or positive images (right: F(4, 92) = .876, p = .434, ηp2 =.037; left: F(4, 92) =
1.61, p = .207, ηp2 = .065).
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3.2.2. No-trauma control group
Control participants showed novelty discrimination in the amygdala response to negative
(left amygdala), neutral (bilateral amygdala), and positive (bilateral amygdala) images. For
negative images, there was a main effect of Novelty in the left amygdala, F(1, 19) = 4.85, p =
.040, ηp2 = .203, but not in the right amygdala, F(1, 19) = 2.90, p = .105, ηp2 = .132. There was
a Time Point x Novelty interaction in the right and left amygdala response to negative images
(right: F(4, 76) = 4.54, p = .008, ηp2 = .193; left: F(4, 76) = 4.51, p = .008, ηp2 = .192). The
interaction was driven by greater response to novel versus familiar negative images at time point
3 (4-6s post-stimulus onset; right: t(19) = 2.51, p = .021; left: t(19) = 3.02, p =.007) and time
point 4 (6-8s; right: t(19) = 2.80, p = .011; left: t(19) = 3.30, p =.004; Figure 2a).
For neutral images, there was a main effect of novelty in the bilateral amygdala response
(right: F(1, 19)= 6.41, p = .020, ηp2 = .252; left: F(1, 19) = 7.95, p = .011, ηp2 = .295). There
was a Time Point x Novelty interaction in the left amygdala (F(4, 76) = 4.53, p = .019, ηp2 =
.193), driven by greater response to novel versus familiar images at time point 2 (2-4s poststimulus; t(19) = 2.27, p = .035), time point 3 (t(19)=3.24, p = .004), and time point 4
(t(19)=2.63, p = .017; Figure 2b). The Time Point x Novelty interaction was not significant in the
right amygdala, F(4, 76) = 2.07, p = .114, ηp2 = .098.
For positive images, there was a main effect of novelty in the bilateral amygdala (right:
F(1, 19) = 11.75, p = .003, ηp2 = .382; left: F(1, 19) = 7.73, p = .012, ηp2 = 289). The Time
Point x Novelty interaction was not significant (right: F(4, 76) = 1.31, p = .274, ηp2 = .065; left:
F(4, 76) = 2.07, p = .123, ηp2 = .098).
3.3. Group differences in amygdala response to repeated affective images
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Trauma-exposed people, but not controls, showed a persistent amygdala response to
familiar neutral images. In the right amygdala, there was a significant Time Point x Group
interaction (F(4, 164) = 3.36, p = .022, ηp2 = .076) in the response to familiar neutral
information. The follow-up ANCOVA showed that this difference was driven by greater right
amygdala response to familiar neutral images at time point 3 (2-4s post-stimulus) in the traumaexposed group (F(1, 41) = 6.65, p = .014, ηp2 = .140), and a trend-level group difference at time
point 4 (4-6s post-stimulus; F(1, 41) = 3.84, p = .057, ηp2 = .086; Figure 2b). In the left
amygdala, there was a trend level Time Point x Group interaction (F(4 ,164) = 2.27, p = .085,
ηp2 = .053) in the response to familiar neutral information. The follow-up ANCOVA showed
that the Time Point x Group interaction was driven by the trend for greater amygdala activation
at time point 3 (2-4s post-stimulus) in the trauma-exposed group compared to controls (F(1, 41)
= 3.15, p = .083, ηp2 = .071; Figure 3b).
There were no significant Timepoint x Group interactions for novel conditions or for
familiar negative and positive conditions, indicating no differences in the time course of the
amygdala response (bilaterally; ps > .140; Figure 3a & 3c).
4. Discussion
The goal of the study was to investigate deficient novelty discrimination for innocuous
information as a potential neural mechanism of trauma-related hypervigilance for potential
threat. Consistent with the previous research (e.g., Fischer et al., 2003; Protopopsecu et al.,
2005), no-trauma controls showed greater amygdala activation to novel versus familiar stimuli,
whereas trauma-exposed women showed impaired novelty discrimination in the amygdala. More
importantly, the two groups showed striking differences in the amygdala response to familiar
neutral images. Trauma-exposed women showed persistent and robust amygdala activation to
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already-seen neutral images, whereas no-trauma controls responded less to familiar information
than they responded to fixation.
The amygdala is implicated in tagging a stimulus when its predictive value is uncertain,
for the purpose of prioritizing attention and additional processing to react if necessary (e.g.,
Barrett et al., 2007; Holland & Gallagher, 1999). Neutral information, which is potentially
threatening because of its uncertain predictive value, initially activated the amygdala in both
groups. This initial amygdala response decreased when the neutral stimuli became familiar in notrauma controls, in line with the prior evidence for amygdala habituation in healthy people as the
uncertainty in stimulus meaning decreases (e.g., Weierich et al., 2010). In trauma-exposed
people, the amygdala responded to familiar neutral information as if the information was still
potentially threatening, suggesting that sustained heightened amygdala response to familiar
neutral images might be a neural signature of hypervigilance in trauma-exposed people.
Counter to our prediction and some previous studies (e.g., Shin et al., 2005; Yoon &
Weierich, 2017), the groups did not differ in the amygdala response to familiar negative
information. In both groups, the amygdala response to familiar negative images was similar to
the response to fixation. The dampened amygdala response to familiar negative information
might indicate active avoidance strategy, which recruits prefrontal top-down control processes,
after learning about the obvious unpleasant information in both groups (e.g., Koster et al., 2006;
Pine et al., 2005; Sagliano et al., 2014).
There are several potential limitations to the study. First, our recruitment included only
women to control for potential confounding sex differences in affective processing, but this
limited the generalizability of our results. As prior research show that men experience
hypervigilance more frequently than women following trauma exposure (e.g., Green, 2003;
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Hourani et al., 2015; King et al., 2013), we speculate that hypervigilant amygdala response to
familiar neutral information might be even more robust in men. Nonetheless, future work might
investigate potential sex differences in amygdala habituation and sensitivity to potential threat.
Second, we recruited people who varied in trauma-related symptoms for the traumaexposed group, and only five participants met criteria for PTSD diagnosis. Thus, our sample
might not represent people with diagnosed PTSD, and future work with clinical sample might
test the effect of PTSD diagnosis and symptom severity on hypervigilant amygdala activity to
neutral information. On the other hand, our results underscore that experiencing traumatic event
itself might be enough to have an adverse effect on physiology and mental health. This notion is
analogous to the existing data showing that trauma exposure, independently of PTSD and other
mental disorders, is associated with physical health problems (Scott et al., 2012) and volumetric
changes in neural structures (Woon et al., 2010).
In conclusion, our data indicate that indexing amygdala response to familiar neutral
images highlights the hypervigilant nature of the amygdala in trauma-exposed people.
Abnormally heightened amygdala response to already-seen, affectively ambiguous information
in everyday objects or situations might contribute to exhausting and distressing behavioral
hypervigilance and hyperarousal following trauma exposure.
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Table 1. Time points in FIR model of the hemodynamic response.

1
Post-stimulus 0-2s
time

2
2-4s

Time point
3
4
4-6s

6-8s

5
8-10s
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Table 2. Participant characteristics (N = 44).
Variable

Trauma-exposed
(n = 24)

Control
(n = 20)

Age in years, M (SD)

22.9 (5.5)

21.2 (3.2)

5 (20.8)
4 (16.7)
8 (33.3)
1 (4.2)
2 (8.3)
4 (16.7)

10 (50.0)
3 (15.0)
4 (20.0)
2 (10.0)
0 (0.0)
1 (5.0)

PSS, M (SD)

22.8 (6.6)*

16.5 (6.1)

STAI-S, M (SD)
Session 1
Session 2

46.2 (12.5)*
42.2 (9.3)*

36.2 (10.7)
35.3 (9.6)

BDI II, M (SD)
Session 1
Session 2

16.0 (7.0)**
11.7 (7.5)**

8.5 (6.0)
5.7 (5.6)

Number of trauma types, M (SD)

2.4 (1.0)

Trauma type, > (%)
Natural disaster
Fire/explosion
Motor vehicle accident
Other serious accident
Physical assault
Sexual assault
Other unwanted sexual experience
Life-threatening injury/illness
Witness violent death
Sudden, unexpected death of loved one
Caused serious injury/death of another
Other very stressful event

1 (1.9)
3 (5.6)
6 (11.1)
5 (9.3)
11 (20.4)
8 (14.8)
1 (1.9)
3 (5.6)
2 (3.7)
7 (13.0)
1 (1.9)
6 (11.1)

Race/ethnicity, > (%)
White, non-Hispanic
Black, non-Hispanic
Asian/Pacific Islander
Hispanic
Multiple
Other

Total number of PTSD symptoms, M (SD),
Range
Re-experiencing symptoms
Avoidance symptoms
Hyperarousal symptoms

Note. Group differences * p < .05, ** p < .01.

6.9 (4.8), 0 – 15
2.5 (1.6), 0 – 5
2.6 (1.8), 0 – 6
1.8 (1.9), 0 – 5
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a. Novel - Familiar Negative Images
Control

Trauma-exposed
Left Amygdala

*

0.1
0.0

1

2

3

4

0.2
0.1
0.0
-0.1

5

1

2

Time point

3

4

0.3

0.3

*

% signal change

*

0.2

-0.1

*

0.3

% signal change

% signal change

0.3

Left Amygdala

Right Amygdala

0.2
0.1
0.0
-0.1

5

% signal change

Right Amygdala

0.2
0.1
0.0
-0.1

1

2

3

4

Time point

Time point

Left Amygdala

Right Amygdala

5

1

2

3

4

5

Time point

b. Novel - Familiar Neutral Images
Control

Trauma-exposed

Right Amygdala

Left Amygdala

*

0.1
0.0
-0.1

1

2

3

4

0.2

*

0.1
0.0
-0.1

5

% signal change

0.2

0.3

0.3

*

1

2

Time point

3

4

0.2
0.1
0.0
-0.1

5

% signal change

0.3

% signal change

% signal change

0.3

0.2
0.1
0.0
-0.1

1

2

3

4

Time point

Time point

Left Amygdala

Right Amygdala

5

1

2

3

4

5

Time point

c. Novel - Familiar Positive Images
Control

Trauma-exposed

Right Amgydala

0.1
0.0
-0.1

1

2

3

Time point

4

5

0.2
0.1
0.0
-0.1

1

2

3

4

5

0.3

% signal change

0.2

0.3

% signal change

0.3

% signal change

% signal change

0.3

Left Amgydala

0.2
0.1
0.0
-0.1

Time point

1

2

3

Time point

4

5

0.2
0.1
0.0
-0.1

1

2

3

Time point

Figure 2. Each bar represents the difference between amygdala response to novel and familiar
affective scenes (* p < .05). Controls showed large novelty discrimination in the amygdala, but
trauma-exposed people did not show such discrimination.
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a. Familiar negative images
Right Amygdala

Left Amygdala
0.2

0.1

0.0

1

2

3

4

5

-0.1

% signal change

% signal change

0.2

TE
Control

0.1

0.0

1

2

3

4

5

-0.1

Time point

Time point

b. Familiar neutral images
Left Amygdala

Right Amygdala

*

0.2

†

0.1

0.0

1

2

3

4

5

% signal change

% signal change

0.2

-0.1

†

TE
Control

0.1

0.0

1

2

3

4

5

-0.1

Time point

Time point

c. Familiar positive images
Right Amygdala

Left Amygdala
0.2

0.1

0.0

1

2

3

-0.1

4

5

% signal change

% signal change

0.2

TE
Control

0.1

0.0

1

2

3

4

5

-0.1

Time point

Time point

Figure 3. Time course of the amygdala response to familiar affective images. Only trauma
exposed people showed persistent amygdala activation to familiar neutral images.
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Chapter 3: Study 2 (Yoon & Weierich, 2017)5
1. Introduction
Exposure to traumatic events can lead to lasting changes in how people respond to
affective information in the environment. Many trauma survivors experience chronic
hypervigilance, which behaviorally and physiologically is a state of elevated arousal, increased
alertness, and constant visual scanning of the surroundings for potential threat (e.g., Dalgleish et
al., 2001; Kimble et al., 2010). Hypervigilance can cause significant distress, impair functioning
by reducing the attentional resources to focus on the task at hand, and contribute to the
maintenance or onset of other symptoms of posttraumatic stress disorder (PTSD) such as reexperiencing and avoidance (e.g., Chemtob et al., 1988; Constans, 2005). Previous neuroimaging
work has suggested that abnormal amygdala activation to salient affective information (e.g.,
Etkin and Wager, 2007; Yoon and Weierich, 2016) and diminished cognitive control by the
medial prefrontal cortex (e.g., Bishop et al., 2004) underlie such a hypervigilant state. However,
affective and cognitive processes depend on the organization and functional coordination of
interconnected brain regions, rather than isolated neural activity. Although a number of studies
have investigated variations in the structural connectivity of affective brain regions in traumaexposed people (e.g., Daniels et al., 2013), as well as beginning to integrate structural and
functional connectivity (e.g., Fani et al., 2016), the potential relation between white matter
structure and a neural signature of behavioral hypervigilance is still unknown. Taking a multimethod approach that combines structural and functional neuroimaging, we tested a more
comprehensive neural model of trauma-related hypervigilance, or over-alertness for threat in the
absence of threat.

5

Yoon S.A., & Weierich, M.R. (2017). Persistent amygdala novelty response is associated with less anterior
cingulum integrity in trauma-exposed women. NeuroImage: Clinical, 14, 250–259.
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In hypervigilant states, people show impaired habituation of the affective response to
information encountered in daily life, and they remain in a tonic alert and ready state even in the
absence of threat. Behaviorally, this state is characterized by heightened attention to the
environment, including visual scanning behavior, and heightened physiological readiness to act.
Because novel information is affectively salient, by virtue of constituting potential threat, novel
information initially activates the brain regions involved in the affective response and anchored
by the amygdala (e.g., Balderston et al., 2011; Weierich et al., 2010). However, with repeated
presentation of stimuli, this alerting response quickly habituates in healthy people. For example,
fMRI studies show that the amygdala response to affective stimuli decreases quickly – regardless
of valence (i.e., unpleasant, neutral, or pleasant) – when stimuli are presented repeatedly (e.g.,
Breiter et al., 1996; Fischer et al., 2003; Weierich et al., 2010). This normative reduction in
amygdala response to familiar affective information is impaired in hypervigilant and other stressrelated states (e.g., Andreano et al., 2014; Blackford et al., 2011; van den Bulk et al., 2016).
Similarly and relatedly, people with trauma-related symptoms also fail to show discrimination
between novel and familiar negative information in the amygdala (e.g., Protopopescu et al.,
2005; Shin et al., 2005; Tuescher et al., 2011), as less habituation to familiar stimuli results in
what essentially is a persistent novelty response. Further, PTSD is associated with abnormally
persistent responses to familiar trauma-related stimuli in the lateral occipital complex, which is
implicated in object recognition and is modulated by the amygdala response (Hendler et al.,
2001).
Structurally, the amygdala is connected to the major white matter pathways implicated in
affective processing, and in particular the cingulum and the uncinate fasciculus (e.g., Catani et
al., 2012). The cingulum is a medial association pathway that connects the frontal, parietal, and
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temporal lobes (e.g., Beevor, 1891; Schmahmann and Pandya, 2006). Due to its many short
fibers, the cingulum is composed of distinct sub-regions that are associated with different neural
functions (Heilbronner and Haber, 2014; Jones et al., 2013a; Schmahmann and Pandya, 2006).
Heterogeneity within the tract is further shown by minimal correlation between indices of
structural integrity (e.g., fractional anisotropy) and cellular composition in distinct cingulum subregions (Jones et al., 2013a; Vogt et al., 2001).
The cingulum bundle can be divided into the cingulate part of the cingulum (CGC; also
“anterior cingulum”) and the parahippocampal part of the cingulum (PHC; also “posterior
cingulum”, although note that some studies parcellate the PHC and the posterior cingulum
separately). The CGC fibers extend through the dorsal and ventral prefrontal cortices, the
subgenual anterior cingulate cortex (sgACC), and the dorsal anterior cingulate cortex (dACC).
Only a small portion of the fibers from the amygdala and other temporal regions terminate in the
CGC. On the other hand, the majority of the PHC fibers contain axons projecting to and from the
amygdala, parahippocampal gyrus, and other regions in the medial temporal lobe, with fewer
fibers connecting to the prefrontal cortex or the sgACC (e.g., Heilbronner and Haber, 2014).
Additionally, the uncinate fasciculus (UF) association fiber bundle carries information to and
from the limbic affective regions by connecting the temporal lobe with the medial orbital frontal
cortex (e.g., von Der Heide et al., 2013). The CGC and UF both are involved in affect regulation,
including top-down modulation of affective responses, whereas the PHC is involved in memory
creation and recall of visual scenes (e.g., Keedwell et al., 2016; Suzuki, 1996).
Basic structural studies using diffusion weighted imaging (DWI) in trauma-exposed
people have been inconsistent. Some show lower structural integrity in the CGC (e.g., Daniels et
al., 2013; Hu et al., 2016; Kim et al., 2006; Sanjuan et al., 2013; Schuff et al., 2011), although
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increased CGC integrity also has been reported (e.g., Abe et al., 2006; Kennis et al., 2015). In
addition, several studies have reported that trauma exposure is associated with decreased (Choi et
al., 2009; Fani et al., 2014) or increased (Zhang et al., 2012) structural integrity in the PHC.
There also have been mixed findings regarding UF integrity, with some evidence for decreased
UF integrity in people with trauma-related symptoms (e.g., Costanzo et al., 2016; Eluvathingal et
al., 2006) and some evidence for no association (e.g., Fani et al., 2012). These inconsistencies
might be attributed to the wide range of post-trauma symptom profiles, the developmental stage
of the brain at the time of first trauma exposure, self-report response biases in symptom
assessments, and variation among trauma types (e.g., Naifeh et al., 2008). More recently
researchers have begun to test the associations between structure (i.e., white matter integrity) and
function (i.e., neural activation patterns) in the affective circuitry of trauma-exposed people. For
example, people with PTSD were shown to have less structural integrity of the cingulum, and a
genetically-differentiated sample subset also showed poorer hippocampus – anterior cingulate
functional connectivity at rest (i.e., Fani et al., 2016). Existing DWI studies have not yet tested
the relation between structural integrity in the cingulum and task-based function that is consistent
with over-alertness or hypervigilance in the brain.
Given that the CGC and the UF are extensively connected to prefrontal cortices and the
sgACC, which are implicated in top-down cognitive control (e.g., Shin et al., 2004; Williams et
al., 2006), lower structural integrity in the CGC and the UF might be associated with less
habituation to affective information as the amygdala response persists for familiar information
rather than habituating to repeated stimulus presentation (e.g., Wright et al., 2001). On the other
hand, increased structural integrity in the PHC might reflect greater functional connectivity
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between the amygdala and the adjacent limbic areas (e.g., parahippocampal gyrus,
hippocampus), which has been linked to increased threat sensitivity (e.g., Hahn et al., 2010).
Taken together, prior research shows that that normatively the amygdala responds to
novelty in much the same way as to other affective properties (e.g., Balderston et al., 2011,
Weierich et al., 2010), and also that trauma exposure can be associated with an overly alert
salience response. This overactive salience response is anchored in large part by abnormally
persistent amygdala activation in the absence of threat, such as when viewing familiar neutral
information (Yoon & Weierich, 2016). Our primary objective was to test the relation between
novelty discrimination in the amygdala, as one potential neural index of behavioral
hypervigilance, and the structural integrity of relevant white matter tracts. We thus integrated
diffusion weighted imaging (DWI) to measure cingulum and UF integrity, and task-based
functional magnetic resonance imaging (fMRI) to measure of trauma-related “neural
hypervigilance”, indexed by less discrimination between novel and familiar affective images in
the amygdala. We tested two primary structure-function hypotheses. First, given the need for
prefrontal cognitive control in the process of habituation we hypothesized that novelty
discrimination for affective information in the amygdala would be associated with less structural
integrity in the CGC, and greater integrity in the PHC. Second, we hypothesized that less
amygdala habituation to affective information would be associated with less structural integrity
in the UF.
2. Method
2.1. Participants
We recruited 22 trauma-exposed (TE) women and 20 women with no trauma exposure
(see Table 3 for participant characteristics) from a large urban university in the northeast US.
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Given known sex differences in affective processing, we restricted our sample to one sex. The
presence or absence of trauma exposure was assessed using the trauma exposure criterion
(Criterion A) of the posttraumatic stress disorder (PTSD) module of the Diagnostic and
Statistical Manual of Mental Disorders IV. All 42 participants were right-handed and eligible for
an MRI scan when assessed with a standard MRI safety screen (e.g., no metal in the body, no
history of claustrophobia).
2.2. Procedure
Two study sessions were conducted on two separate days. The first study session
included the Structured Clinical Interview for DSM-IV (SCID) and a brief set of questionnaires.
The second session was scheduled within a week of the first session and included the MRI scan.
The MRI scan sequence consisted of T1-weighted structural scans, BOLD T2*-weighted task
fMRI scans, and a diffusion-weighted structural scan. All procedures were approved by the
Institutional Review Board and were conducted in accordance with The Code of Ethics of the
World Medical Association (Declaration of Helsinki).
2.2.1. Structured clinical interview. We conducted all modules of the SCID for all DSMIV Axis I disorders to exclude participants who met criteria for major disorders with the
exception of PTSD. No participant met criteria for other major diagnoses, so none were
excluded. The TE participants represented the range of trauma-related symptoms. Five of the 22
TE participants met DSM-IV criteria for current PTSD. Of the remaining 17 TE participants, 4
endorsed subclinical levels of current symptoms (in this case met re-experiencing and
hyperarousal criteria but did not meet avoidance criteria), 9 endorsed at least some symptoms,
and 4 endorsed zero current symptoms. Three participants reported current use of prescription
medications: one trauma-exposed participants reported prescription medication (Prozac), as did 2
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control participant (Wellbutrin & Lexapro; 1 unspecified non-psychoactive medication). The
structural and functional imaging data from these participants did not differ from the data of the
other participants in each group when we conducted independent sample t-tests within groups.
For the TE group ts ranged from -0.925 –0.003, corresponding p-values from 0.366–0.998, and
all 95% CIs of the mean difference included zero. For the no trauma controls, ts ranged from 1.751 – 0.124, corresponding p-values from 0.097–0.903, and all 95% CIs of the mean difference
included zero. Given the absence of differences on the critical data, we retained the participants
on medication in the analyses.
2.2.2. Questionnaires. Following the SCID, participants completed a set of
questionnaires, which included the Perceived Stress Scale (PSS, Cohen et al., 1983), the StateTrait Anxiety Inventory – State Version (STAI-S, Spielberger et al., 1983), and the Beck
Depression Inventory II (BDI-II, Beck et al., 1996). During the second study session, participants
completed STAI-S and BDI-II before the MRI scan.
2.2.3. FMRI task. The fMRI task consisted of 4 event-related functional runs. These runs
began approximately 20 min into the scan session. This timing minimized the potential for a
confounding influence of scanner-related stress on the BOLD response, as the runs began after
the 15-min window during which normative scanner-related stress has been shown to occur and
then subside (Muehlhan et al., 2011). During each run, participants viewed 60 full-color images
of randomly presented complex scenes that were positive, negative, or neutral in valence.
We selected task stimuli from a stimulus set currently being normed in our lab. The set is
designed to depict scenes (rather than discrete objects or single people/animals), and allows us to
balance relevant affective elements such as social versus non-social content. Importantly,
because this stimulus set is designed to help assess how people respond to information in typical
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daily life, the scenes have been selected to approximate the affective value of visual information
typically encountered in daily life. This criterion means that the unpleasant scenes do not include
extreme or explicitly traumatic content such as mutilation or interpersonal violence and the
pleasant scenes do not include, for example, highly erotic content. It follows that the ranges of
arousal and valence for this set are not as broad as those of, for example, the International
Affective Picture System (IAPS; Lang et al., 2008) set, which was specifically designed to
capture more of the affective range. We selected scenes for this task based on valence and
arousal ratings collected from an initial sample of 748 healthy adults. Valence was rated from 1
to 9, with 1 as most unpleasant and 9 as most pleasant. For the images in this study, valence
ratings were: unpleasant (M = 2.61, SD = 1.02), neutral (M = 5.59, SD = 0.84), and pleasant (M =
6.85, SD = 0.86). Arousal also was rated from 1 to 9, with 1 for low arousal and 9 for high
arousal. For the images in this study, arousal ratings were: unpleasant (M = 5.60, SD = 1.02),
neutral (M = 3.88, SD = 0.65), pleasant (M = 4.58, SD = 0.69). Although the arousal ratings for
the unpleasant images were slightly higher than arousal ratings for pleasant images, they were
not significantly different.
Runs 1 and 2 were novel; participants viewed each of the images in each run for the first
time. Runs 3 and 4 were familiar; the images from Runs 1 and 2 were repeated in Runs 3 and 4.
We used the Optseq2 sequence optimization tool (https://surfer.nmr.mgh.harvard.edu/optseq/ ) to
optimize trials within the rapid event-related runs. Inter-trial jitter ranged from 1500 ms to 6000
ms and each run was 332 s long. During each trial, participants viewed a fixation cross for 500
ms, followed by an image for 3500 ms. Participants were asked to press a button on a button box
to indicate whether the scene was indoors or outdoors (trauma-exposed > = 14; control > = 17) or
to rate the arousal level for each image (trauma-exposed > = 8; control > = 3). The task was
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designed and presented using E-prime experimental software (Psychology Software Tools,
Pittsburgh, PA) on a PC. Images were rear-projected to a screen in the magnet bore, and
participants viewed images via a mirror mounted on the head coil.
2.2.4. MR image acquisition. We used a Siemens Magnetom Trio Tim 3 T fMRI scanner
with a 32channel gradient head coil. We conducted a localizer scan, followed by a whole brain
magnetization prepared rapid gradient echo (MPRAGE) sequence to acquire high-resolution T1weighted images (TR/TE/flip angle = 2.17 s/4.33 ms/7°, field of view (FOV) = 256 × 256 mm2,
matrix = 256 × 256, slice thickness = 1.2 mm, voxel size = 1 × 1 × 1.2 mm3).
Functional MRI images were acquired using a blood oxygen level dependent (BOLD)
echoplanar (EPI) T2*-weighted sequence (TR/TE/flip angle = 2.0 s/30 ms/90°, FOV = 220 × 220
mm2, matrix = 64 × 64, slice thickness = 4 mm, voxel size = 3.44 × 3.44 × 4 mm3). The T1and
T2*-weighted images were collected in the same plane (30 axial slices angled perpendicular to
the AC/PC line) with an interleaved excitation order and foot to head phase encoding.
We acquired whole brain diffusion-weighted images using a spinecho echo-planar
sequence along 30 diffusion gradient directions and with a b value of 1000s/mm2 (TR/TE/flip
angle = 9.5s/91ms/90°, b value = 1000s/mm2, FOV = 240 × 240 mm2, matrix = 96 × 96, slice
thickness = 2.5 mm, voxel size = 2.5 × 2.5 × 2.5 mm3). Two normalization images with no
diffusion encoding (b value = 0) were acquired in the beginning of the sequence.
2.3. Data preparation
2.3.1. fMRI. Functional MRI data were analyzed using Freesurfer FS-FAST software
(version 5.3; http://surfer.nmr.mgh.harvard.edu). Functional imaging data were motion corrected
to the middle time point of each BOLD run, and inspected for gross motion. Slices were
excluded if motion was N1 mm. In addition, BOLD data were intensity normalized and spatially
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smoothed (full-width half-maximum = 4 mm) using a 3D Gaussian filter. The first three volumes
in each run were discarded to allow for T2* equilibration. Following preprocessing, functional
images for each participant were registered to that participant's 3D MPRAGE image.
We conducted a first-level analysis using a general linear model, in which the blood
oxygen level-dependent (BOLD) response to each event was modeled using a SPM canonical
hemodynamic response function. Bilateral amygdalae were defined a priori based on the
Desikan-Killiany atlas (Desikan et al., 2006) using an automated segmentation tool in Freesurfer.
BOLD percent signal change in the amygdala (threshold p < 0.05) was modeled for the following
3 contrasts: novel negative versus familiar negative, novel neutral versus familiar neutral, and
novel positive versus familiar positive.
2.3.2. DWI. Diffusion weighted images were preprocessed using FMRIB's Software
Library (FSL; version 5.0.8; http://fsl.fmrib.ox.ac.uk). Images were first skull-stripped using the
brain extraction tool. We then corrected for Eddy current-induced distortions and head motion
using an automated affine registration algorithm. Gradient directions (bvecs) were adjusted
according to image rotation done during the previous motion correction step. Diffusion tensor
maps and scalar maps including fractional anisotropy (FA), mean diffusivity (MD), radial
diffusivity (RD) maps were generated for each participant. FA is a summary measure of
structural integrity and is highly sensitive to microstructural changes in the white matter tract.
FA varies between 0 (isotropic diffusion) and 1 (anisotropic diffusion), thus higher FA indicates
greater structural integrity. MD represents the average magnitude of diffusion in all directions,
and RD reflects perpendicular diffusivity. Higher MD and RD indicate decreased integrity (e.g.,
Alexander et al., 2011; Jones et al., 2013b).
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Probabilistic fiber tractography was performed using the FSL plugin AutoPtx (De Groot
et al., 2013; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/ AutoPtx). The AutoPtx uses the Bayesian
Estimation of Diffusion Parameter Obtained using Sampling Techniques (BEDPOSTx) to fit
fiber orientation for each voxel (Behrens et al., 2007). Next, using the nonlinear image
registration algorithm in FSL (FNIRT), each participant's FA maps were aligned to the FMRIB58 template FA image. The inverse of this nonlinear warp matrix was applied to predefine seed,
target, exclusion, and termination masks for CGC, PHC, and UF provided by AutoPtx. These
masks were then warped to native diffusion space for each participant, and probabilistic
tractography was conducted using PROBTRACKX in FSL. For each tract, we applied tractspecific thresholds derived by de Groot et al. (2015) from a subsample of 30 participants who
each were scanned twice to test reproducibility (thresholds at maximum reproducibility were
CGC = 0.01; PHC = 0.02; UF = 0.01) to filter voxels that could be incorrectly classified as part
of a tract (Figure 4). We then computed average FA, MD, and RD.
2.4. Data analysis
We first tested group differences in amygdala activation for 3 contrasts (novel negative
versus familiar negative, novel neutral versus familiar neutral, and novel positive versus familiar
positive) with a priori planned comparison t-tests for independent samples. We also tested group
differences in white matter integrity between trauma-exposed participants and no-trauma
controls in the CGC, PHC, and UF with a priori planned comparison t-tests for independent
samples. Next, to test the relation between novelty discrimination in the amygdala and white
matter structural integrity, we conducted bivariate correlations between the amygdala response
and structural integrity indices (FA, MD, RD) for the three tracts of interest. Correlation analyses
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were conducted for each group separately. In addition, we tested the relation between white
matter tract integrity, novelty discrimination, and PTSD symptoms in the trauma-exposed group.
3. Results
3.1. Descriptive statistics and control variables
Descriptive statistics for functional activation in the bilateral amygdalae and diffusion
measures of cingulum and UF integrity are presented in Table 4. The two groups did not differ in
age (t(40) = − 0.092, p = 0.927, Cohen's d = − 0.03), and age was not associated with any of the
fMRI or DWI measures (ps > 0.05). Trauma-exposed people reported greater perceived stress,
state anxiety, and depressed mood, (ps < 0.05; see Table 3 for descriptive statistics). The
trauma-exposed participants who met criteria for current PTSD (n = 5) did not differ from the
other 17 participants in the TE group (t-values with equal variances not assumed ranged from
1.243 to −0.161, with corresponding p-values ranging from 0.232 to 0.879).
In the trauma-exposed group depressed mood reported during Session 1 was associated
with greater left amygdala habituation to positive images (r = 0.423, p = 0.050). In the no-trauma
control group, depressed mood (Session 2) was associated with greater left amygdala habituation
to negative images (r = 0.593, p = 0.006). Additionally, depressed mood (Session 1) was
associated with less left amygdala habituation to positive images (r = − 0.532, p = 0.019). We
report results with and without depressed mood as a covariate in all subsequent analyses with
amygdala activation.
Unlike controlling for depressed mood, which is associated with trauma exposure but
does not overlap phenomenologically with hyperarousal symptoms including hypervigilance, we
made the decision that removal of the variance within the state anxiety (STAI) and perceived
stress (PSS) measures in the current study actually could remove a considerable portion of the

36
variance of interest. Thus although we report the descriptives for full characterization of our
sample, we do not control for STAI or PSS scores in our analyses.
3.2. Group differences between trauma-exposed women and controls
3.2.1. Novelty discrimination in the amygdala. Trauma-exposed women compared with
no-trauma controls showed a non-significant trend toward less novelty discrimination (novel
versus familiar) across all three valence categories in the left amygdala, t(39) = −1.88, p = 0.067,
d = 0.59 (medium effect). When testing novelty discrimination for only negative and neutral
(ambiguous and therefore potentially threatening) scenes consistent with prior studies (e.g., Yoon
& Weierich, 2016), trauma-exposed women compared with controls showed less novelty
discrimination across the two categories in the left amygdala, t(39) = −2.60, p = 0.013, d = 0.82
(large effect). Testing valence individually, trauma-exposed women compared with controls
showed less novelty discrimination in the left amygdala for novel negative versus familiar
negative images, t(39) = −2.04, p = 0.048, d = 0.65 (see also Table 4). The groups did not differ
in novelty discrimination for negative images in the right amygdala, t(39) = −1.37, p = 0.178, d =
0.43. In addition the two groups did not differ in amygdala novelty discrimination for neutral
(novel neutral versus familiar neutral) or positive images (novel positive versus familiar positive;
all ps > 0.05). This specific finding of less novelty discrimination for negative scenes held when
we conducted ANCOVAs controlling for depressed mood scores; trauma-exposed women
compared with no-trauma controls showed less novelty discrimination in the left amygdala for
novel negative versus familiar negative images, F(2,38) = 8.24, p = 0.007, d = 0.91. The groups
did not differ in novelty discrimination for negative images in the right amygdala, F(2,38) =
0.014, p = 0.905, d = 0.30), nor for the other functional contrasts (all ps > 0.05).
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3.2.2. White matter integrity. Trauma-exposed women had higher fractional anisotropy
(FA) in the PHC bilaterally (right: t(40) = 3.32, p = 0.002, d = 1.04; left: t(40) = 2.08, p = 0.044,
d = 0.66) (Figure 5). In addition, trauma-exposed women had lower mean diffusivity (MD) (t(40)
= −2.28, p = 0.028, d = 0.72) and lower radial diffusivity (RD (t(40) = −2.51, p = 0.016, d =
0.79) in the right PHC compared to controls. The groups did not differ in the left PHC MD or
RD (all ps > 0.05).
There were no group differences in FA, MD, or RD between two groups in the CGC or
the UF (all ps > 0.05), although there was a trend toward greater left CGC FA (t(40) = 1.87, p =
0.069, d = 0.59) and RD (t(40) = −1.70, p = 0.055, d = 0.54) in the trauma-exposed group
compared to controls.
3.3. Associations between white matter integrity and novelty discrimination in the amygdala
We tested the bivariate correlations between white matter tract integrity and amygdala
activation, as well as the partial correlations controlling for depressed mood.
3.3.1. Trauma-exposed group. In the trauma-exposed women (n = 22), decreased
structural integrity in the CGC was associated with less novelty discrimination in the amygdala
for affective images. Lower FA in the right CGC was associated with less discrimination
between novel versus familiar neutral images in the right amygdala, r = 0.447, p = 0.037 (Figure
6). In addition, lower FA in the left CGC was associated with less left amygdala novelty
discrimination for negative images (r = 0.459, p = 0.036) and positive images (r = 0.436, p =
0.043; Figure 6). Higher RD in the left CGC was also associated with less left amygdala novelty
discrimination for positive images (r = −0.475, p = 0.025).
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Novelty discrimination in the amygdala for affective images was not associated with
structural integrity in the PHC or the UF (all ps > 0.05). The pattern of results did not differ
when we conducted partial correlations with depressed mood scores as covariates.
3.3.2. No-trauma control group. In the no-trauma controls (n = 20), decreased structural
integrity in the right UF was associated with less right amygdala novelty discrimination for
negative images, indexed by lower FA (r = 0.487, p = 0.029) and higher MD (r = − 0.460, p =
0.042) in the right UF. However, when controlling for depressed mood, although these
associations were of a medium effect size (FA partial r = 0.313; MD partial r = −0.313), they
were no longer statistically significant (ps > 0.05).
Novelty discrimination in the amygdala for affective images was not associated with
structural integrity in the CGC or the PHC in the control group (all ps > 0.05; Figure 7).
3.4. Relation between white matter integrity and novelty discrimination and trauma-related
hyperarousal symptoms
We conducted these analyses within the trauma-exposed group, as the no-trauma control
group did not endorse trauma-related symptoms. A greater number of hyperarousal symptoms
(i.e., SCID PTSD Cluster D count) was associated with less structural integrity in the left CGC (r
= − 0.450, p = 0.036; Spearman's rho = − 0.397, p = n.s. trend). All other correlations were nonsignificant (all ps > 0.05). The overall hyperarousal (cluster D) count was not associated with
novelty discrimination in the amygdala (largest Spearman's rho was −0.148, so therefore not
even a small effect). Neither total PTSD symptom count nor individual symptom cluster counts
were associated with novelty discrimination in the amygdala.
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4. Discussion
Consistent with prior evidence of persistent trauma-related amygdala hyperactivity,
trauma-exposed women showed less habituation to familiar negative information, defined by less
discrimination between novel and familiar negative information, compared to no-trauma
controls. Further, in trauma-exposed women, less discrimination between novel and familiar
images and a greater number of self-reported hyperarousal symptoms were associated with
decreased structural integrity in the CGC, but unrelated to PHC or UF integrity. In addition,
trauma-exposed people showed greater structural integrity in the PHC compared to no-trauma
controls.
In line with the previous research, our data suggest that the brain's alert systems in notrauma controls are effective in encoding familiar negative information as less threatening or
ambiguous. However, the ability to habituate to threat-relevant information, which would result
in greater discrimination between novel and familiar stimuli, is impaired in trauma-exposed
people. This indiscriminative amygdala response pattern might be a marker of ongoing
behavioral hypervigilance, which can interfere with the ability to focus on goal-oriented
information and tasks in everyday life.
Further, by integrating DWI and fMRI data, we tested our hypothesis that diminished
white matter integrity in affect-relevant tracts would be associated with our index of neural
hypervigilance, novelty discrimination. Our data indicate that the anterior portion of the
cingulum (i.e., CGC) might play a role in an over-alert amygdala response to familiar affective
information. The cingulum bundle is among the most frequently identified white matter tracts
showing structural abnormalities in people with trauma exposure and trauma-related symptoms
(e.g., Daniels et al., 2013). A significant portion of prefrontal input travels through the short
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fibers in the CGC before reaching the limbic brain areas, although some long-range fibers
directly connect the prefrontal cortex and the PHC (e.g., Heilbronner and Haber, 2014).
Therefore, decreased CGC integrity might reflect inefficient communication between the
amygdala and the cognitive control regions, resulting in, or failing to inhibit, hypervigilant (i.e.,
overly alert) amygdala activity. Supporting this notion, previous fMRI studies have shown
decreased activity in the anterior part of the cingulate gyrus and the medial prefrontal cortex in
people with trauma-related symptoms (e.g., Hughes and Shin, 2011) and other stress-related
states and disorders (e.g., anxiety) (e.g., Bishop et al., 2004).
Less structural integrity of the UF was associated with less amygdala novelty
discrimination for negative images, but only in no-trauma control participants. This result
supports the general hypothesis that greater UF integrity would be associated with more adaptive
novelty responses (i.e., supporting a role of the UF in habituation). However, the absence of this
relation in the trauma group was counter to our specific hypotheses. Given the lesser novelty
discrimination for negative images in the trauma group, the absence of a relationship could
reflect a floor effect, as there was less variability to associate with UF integrity. In addition, if the
UF is part of an effective downstream novelty discrimination or habituation process, it might be
impaired in trauma-exposed people. To the degree that greater UF integrity represents efficiency
in PFC-limbic communication, although structurally intact, this tract might not be recruited as
efficiently (functionally) by trauma-exposed brains when viewing affective information.
Although individual variation in novelty discrimination within the trauma-exposed group
was associated with differences in CGC integrity, the group difference in white matter integrity
between trauma-exposed women and controls was observed in the PHC. Given that group
differences were not observed in the CGC, trauma itself might not alter the structural integrity of
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the CGC. Rather, the variations within the CGC might reflect increased vulnerability to the
development of hypervigilance following trauma exposure.Moreover, our data add to the
previous evidence that integrity of distinct parts of the cingulum might be differentially
associated with maladaptive affective processing (e.g., Jones et al., 2013a).
The observed greater structural integrity of the PHC in trauma-exposed compared with no
trauma-control women differs from several prior studies showing lesser PHC integrity in traumaexposed adults (e.g., Choi et al., 2009; Fani et al., 2014), although it is consistent with at least
one other (Zhang et al., 2012). There are several potential explanations for this result. First,
because we were interested in trauma exposure rather than PTSD diagnosis per se, our
participants all were high-functioning and represented a range of trauma symptom severity. Our
sample therefore might not be directly comparable to diagnosed PTSD samples. Second,
although the group difference was statistically significant, the magnitude of the FA was within
the normative range for both groups. Although clearly further research that takes into account
both symptom severity and developmental stage (i.e., the cingulum continues to develop into
later adulthood) is necessary, it is not unreasonable that the tract that is implicated in episodic
memory might be more structurally developed based on habitual and intrusive over-retrieval of
episodic memories post-trauma (e.g., re-experiencing). This idea is further supported by the
literature showing that the inverse of such episodic memory retrieval strength is observed in the
prodrome to diseases of memory such as Alzheimer's (e.g., Ito et al., 2015).
Further, although the cross-sectional nature of the current study design does not allow
testing of the causal relation between trauma exposure and differences in PHC integrity, growing
evidence from cellular and molecular studies suggests that trauma exposure might augment the
structural integrity of the PHC. One potential mechanism might be changes in PHC myelination
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caused by increased neuronal activity in the affective limbic region, as more frequent electrical
impulses have been shown to facilitate myelination action by nearby oligodendrocytes (Ishibashi
et al., 2006; Markham and Greenough, 2004; Wang and Young, 2014). Given that people with
trauma exposure show greater neuronal activity in the parahippocampal region (Bremner, 1999;
Liberzon et al., 1999; Shin et al., 2001), the amygdala (e.g., Shin et al., 2005), and the posterior
cingulate gyrus (Bremner, 1999; Lanius et al., 2001; Shin et al., 2001), trauma exposure might
result in increased myelination of the axons that constitute the PHC.
Another possible explanation for increased PHC integrity in the trauma-exposed group
could be related to heightened levels of stress hormones, such as cortisol, following trauma,
which in turn also facilitate oligodendrogenesis. A number of rodent studies have shown that
severe stress promotes the production and differentiation of oligodendrocytes in the hippocampal
region of the adult brain via the actions of cortisol and glucocorticoid receptors (e.g., Chetty et
al., 2014; Matsusue et al., 2014). Consistent with these data from animal studies, one recent
cross-sectional study in humans showed that post-traumatic stress is associated with greater
hippocampal myelin content (Chao et al., 2015). However, future prospective studies are
necessary to test trauma exposure as a mediator of changes in PHC myelination and structural
integrity in humans.
The structural integrity of the UF, on the other hand, was not associated with traumaexposure or neural hypervigilance to familiar information in trauma-exposed women. Although
diminished tract integrity in the UF has been consistently reported in people with depression
(e.g., Carballedo et al., 2012; de Kwaasteniet et al., 2013; Murphy et al., 2012; Steele et al.,
2005) and anxiety (e.g., Hanson et al., 2015; Kim and Whalen, 2009; Tromp et al., 2012), the
reports on the association between trauma exposure and UF integrity have been mixed (e.g.,
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Costanzo et al., 2016; Fani et al., 2012). Given our data and previous evidence, the neurological
insults from a traumatic experience (i.e., extreme stress) or the neural processes underlying
trauma-related hypervigilance might be more specific to the cingulum bundle, but less
pronounced in the UF.
There are several potential limitations to the current study that should be addressed in
future work. First, our PTSD symptom assessment was a simple symptom count by cluster
derived from the Structured Clinical Interview for DSM (SCID). Such a measure cannot
differentiate between a person who experiences a particular symptom once per week from a
person who experiences that symptom daily. A more nuanced measure that assesses symptom
frequency and severity, such as the Clinician Administered PTSD Scale (CAPS), will be
essential for a clearer understanding of the relation between behavioral hypervigilance, novelty
discrimination as an index of neural hypervigilance or impaired habituation to affect, and
structural integrity of relevant tracts.
Second, our stimulus set does not permit an independent test of the role of stimulus
arousal level, as the stimuli were intentionally selected to represent scenes commonly
encountered in daily life, which usually are less extreme on the arousal spectrum. In our view
this limitation to our analyses does not hinder our results, as the phenomenon of interest
(hypervigilance, or readiness for threat that does not exist) must be measured in the absence of
threat (e.g., highly arousing information), rather than as a reaction to clear and present threat.
Nonetheless, future work might test the full range of both the arousal and valence parameters
with a goal toward better understanding what constitutes threat for trauma-exposed people.
Third, we did not assess use of hormonal contraceptives nor menstrual cycle phase,
although sex hormones have an influence on affective processing as well as trauma-related

44
symptoms. Based on our experience with recruitment for studies in which we do assess OC use
and menstrual phase, it is not likely that the distribution of women using OCs in our current
sample varies by group and therefore would impact group results. Further, because most of the
key analyses involved within subjects contrasts (e.g., novel versus familiar), within group effects
are likely to have been minimized. However, assessment of these factors is important for
experimental control and will enhance the precision of future results.
Our results expand upon and integrate prior work by testing the interactions between
structural and functional candidate neurobiological mechanisms of behavioral hypervigilance. In
so doing, this work contributes to an integrated neural model of maladaptive affective processes
in trauma-exposed people. Our results suggest that the anterior cingulum might play an important
role in diminished discrimination between novel and familiar affective information in the
amygdala, therefore, potentially contributing to tonic and exhausting behavioral hypervigilance
following trauma exposure. Impaired habituation to affective information is a likely mechanism
underlying less novelty discrimination (e.g., Wright et al., 2001). Although habituation to the
second presentation of a stimulus is very fast, the literature support that the amygdala in
particular does not respond as robustly on the second presentation of affective information (e.g.,
Balderston et al., 2011). On the other hand, the second presentation is unlikely to represent
complete habituation, thus future studies might test the trajectory of habituation to affective
images normatively and in trauma exposure.

45
Table 3. Participant characteristics (N = 42).
Variable

Trauma-exposed
(n = 22)

Control
(n = 20)

Age in years, M (SD)

21.7 (3.9)

21.9 (4.8)

Race/ethnicity, n (%)
White, non-Hispanic
Black, non-Hispanic
Asian/Pacific Islander
Hispanic
Multiple
Other

4 (18.2)
3 (13.6)
8 (36.4)
1 (4.5)
2 (9.1)
4 (18.2)

9
4
4
2
0
1

(45.0)
(20.0)
(20.0)
(10.0)
(0.0)
(5.0)

PSS, M (SD)

22.3 (6.6)*

17.4 (7.0)

STAI-S, M (SD)
Session 1
Session 2

46.5 (13.0)*
41.9 (9.5)*

36.5 (10.9)
35.5 (9.9)

BDI II, M (SD)
Session 1
Session 2

15.5 (7.1)**
11.8 (7.3)**

9.6 (6.4)
5.7 (5.5)

Number of trauma types, M (SD)

2.4 (1.0)

Trauma type, n (%)
Natural disaster
Fire/explosion
Motor vehicle accident
Other serious accident
Physical assault
Sexual assault
Other unwanted sexual experience
Life-threatening injury/illness
Witness violent death
Sudden, unexpected death of loved one
Caused serious injury/death of another
Other very stressful event

1 (4.5)
3 (13.6)
6 (27.3)
5 (22.7)
10 (45.5)
8 (36.4)
1 (4.5)
3 (13.6)
2 (9.1)
6 (27.3)
1 (4.5)
6 (27.3)

Total number of PTSD symptoms, M (SD),
Range
Re-experiencing symptoms
Avoidance symptoms
Hyperarousal symptoms

Note. Group differences * p < .05, ** p < .01.

6.7 (5.0), 0 – 15
2.5 (1.7), 0 – 5
2.5 (1.8), 0 – 6
1.7 (1.9), 0 – 5

46
Table 4. Amygdala peak magnitude by contrast category and diffusion parameters for white
matter tracts.

Variable

M (SD)
Control
(n = 20)

Trauma-exposed
(n = 22)
Right

Left

Right

Left

Amygdala response (% signal change)
Novel negative vs Familiar negative
Novel neutral vs Familiar neutral
Novel positive vs Familiar positive

.30 (.58)
.06 (.60)
.16 (.73)

.11 (.46)
.13 (.27)
.31 (.72)

.25 (.60)
.28 (.43)
.12 (.64)

.49 (.70)
.30 (.53)
.45 (.85)

Cingulate part of cingulum (CGC)
FA
MD
RD

.40 (.02)
79E-05 (3E-05)
63E-05 (3E-05)

.43 (.03)
80E-05 (3E-05)
43E-05 (4E-05)

.38 (.03)
81E-05 (4E-05)
65E-05(4E-05)

.41 (.04)
83E-05 (5E-05)
66E-05 (6E-05)

Parahippocampal cingulum (PHC)
FA
MD
RD

.30 (.02)
104E-05 (6E-05)
90E-05 (7E-05)

.30 (.02)
103E-05 (6E-05)
90E-05 (6E-05)

.29 (.02)
108E-05 (6E-05)
96E-05 (6E-05)

.30 (.01)
103E-05 (6E-05)
92E-05 (7E-05)

Uncinate fasciculus (UC)
FA
MD
RD

.35 (.02)
85E-05 (3E-05)
71E-05 (4E-05)

.35 (.02)
87E-05 (4E-05)
73E-05 (4E-05)

.35 (.02)
86E-05 (3E-05)
73E-05 (5E-05)

.35 (.03)
87E-05 (4E-05)
73E-05 (6E-05)

Note. FA = Fractional anisotropy, MD = mean diffusivity, RD = radial diffusivity.
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Figure 4. Visualization of the reconstructed cingulate part of cingulum (red), parahippocampal
cingulum (blue), and uncinate fasciculus (yellow) from one participant’s diffusion data.
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Parahippocampal Cingulum

Fractional Anistropy

0.33

*

**

0.31

TE
Control

0.29
0.27
0.25

Left

Right

Figure 5. Structural integrity in bilateral parahippocampal cingulum. Trauma-exposed women
had higher structural integrity measured via fractional anisotropy (FA) in bilateral PHC
compared to no-trauma controls. * p < .05, ** p < .001.
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Figure 6. Relation between novelty discrimination and anterior cingulum integrity in traumaexposed women. In trauma-exposed women (n = 22), fractional anisotropy (FA) in the cingulate
part of cingulum (CGC) was inversely associated with hypervigilance indexed by decreased
amygdala habituation to affective information. Dotted lines (blue) indicate 95% CI of best-fit
line (solid; red).
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Figure 7. Relation between novelty discrimination and anterior cingulum integrity in controls. In
no-trauma controls (n = 20), fractional anisotropy (FA) in the cingulate part of cingulum (CGC)
was not associated with amygdala habituation to affective information, ps > .05. Dotted lines
(blue) indicate 95% CI of best-fit line (solid; red). 6
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The Figure 7 (no-trauma controls) was not part of the published paper but inserted here to contrast with the Figure
6 (trauma-exposed women), Yoon & Weierich (2017).
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Chapter 4. Study 3 (Yoon & Weierich, 2016)7
1. Introduction
More than half of all people will experience a traumatic event at some point in their lives
(Kessler et al., 2005). Trauma exposure can lead not only to exaggerated physiological reactivity
to trauma reminders (e.g., McTeague et al., 2010), but also to chronic elevation of basal
autonomic arousal (e.g., Pole, 2007), and maladaptive and distressing hypervigilance for
potential threat even in a safe environment (e.g., Dalgleish et al., 2001). Heightened reactivity to
threat-relevant cues combined with generalized hypervigilance can be distracting and exhausting,
as the person is constantly on alert physiologically and cognitively for potential threat. Although
the identification of reliable biomarkers for trauma-related symptoms will help enhance precision
of assessment and diagnosis, and non-invasive and relatively inexpensive salivary biomarkers
hold particular appeal, the field has not yet identified a reliable biomarker for tonic traumarelated symptoms such as hypervigilance.
In the brain, both reactivity to threat and hypervigilance for threat are associated with
heightened neural activity in the salience network: the amygdala, the dorsal anterior cingulate
cortex (dACC), and the rostral middle frontal gyrus (i.e., the core areas of dorsolateral PFC and
dorsomedial PFC; e.g., Bryant et al., 2005; Straube et al., 2009). The salience network is
implicated in vigilance, orienting of attention, and processing of affective information (e.g., van
Marle et al., 2010). Following trauma exposure, reactivity as indexed by amygdala and dACC
response is heightened to both trauma-related stimuli (e.g., Protopopescu et al., 2005; Shin et al.,
2007) and trauma-unrelated, negatively-valenced stimuli (e.g., Williams et al., 2006). The
neuroimaging literature on stress-related states also highlights neural reactivity to threat
7
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information in high arousal states. For example, state anxiety is associated with threat-related
amygdala hyperreactivity (e.g., Bishop et al., 2004) and heightened activity in dorsal ACC and
rostral middle frontal gyrus (e.g., Milad et al., 2007; Simmons et al., 2008).
In addition to reactivity to actual threat as measured by trauma-relevant or negative
information, people in stress-related states show neural hypervigilance for potential threat in the
salience network even in the absence of threat information. For example, people with PTSD
show increased amygdala and dorsal ACC response to salient non-affective stimuli (Bryant et al.,
2005), and PTSD symptoms and state anxiety also are associated with heightened amygdala
response to affectively ambiguous (i.e., neutral) faces (Brunetti et al., 2010; Somerville et al.,
2004). In addition, the amygdala response to novel faces is greater in people with inhibited
temperament in childhood (Schwartz et al., 2003), which is linked to stress-system hyperactivity
(Tyrka et al., 2006), potentially due to the additive influence of novelty beyond arousal and
valence in neural responding to affective information (e.g., Weierich et al, 2010).
Trauma-related reactivity and hypervigilance are examples of overactive stress system
responses, and trauma exposure is associated with alterations in the neuroendocrine response to
stress, as indexed by hypothalamic–pituitary–adrenal (HPA) axis and sympathetic nervous
system (SNS) responses. Results from investigations of HPA axis reactivity via salivary cortisol
have been inconsistent, with some evidence for blunted cortisol reactivity (e.g., Elzinga et al.,
2008) and some evidence for heightened cortisol reactivity (e.g., Bremner et al., 2003) in traumaexposed people. Other studies show no relation between trauma exposure and cortisol reactivity
(e.g., Simeon et al., 2007). These inconsistencies have been attributed in part to the effects of
stress history profiles that reflect complex interactions between chronic stress, early life stress,
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and acute stressors on basal (e.g., Meewisse et al., 2007) and reactive cortisol (e.g., Suzuki et al.,
2014).
More recent investigations of sympathetic reactivity using salivary alpha amylase (sAA)
have been more consistent and suggest that sAA is promising as a convenient and non-invasive
biomarker for SNS activity (e.g., Granger et al., 2007; Nater and Rohleder, 2009). People who
have been exposed to trauma show sustained elevation of basal SNS activity (e.g.,Vigil et al.,
2010), and also exaggerated SNS reactivity to trauma reminders and more generally aversive
stimuli (e.g., Bedi and Arora, 2007; McTeague et al., 2010). SAA is an enzyme that is
synthesized and secreted from the acinar cells of the salivary glands (e.g., Baum, 1993). Under
normal conditions, the acinar cells are innervated by both the sympathetic and parasympathetic
branches of the autonomic nervous system. Parasympathetic impulses stimulate fluid secretion,
sympathetic impulses modulate saliva composition by increasing exocytosis from the acinar
cells, and in combination both branches influence the level of amylase in saliva (e.g., Proctor &
Carpenter, 2007). However, during physical or psychological stress, sAA level is predominantly
influenced by SNS activity in the cervical sympathetic pathway (e.g., Bosch et al., 2003; Nater,
2007), and sAA levels rise immediately in response to stress (e.g., Nater et al., 2006).
Further supporting the potential utility of sAA as a potential biomarker for stress-related
symptoms such as hypervigilance, the salience network is extensively interconnected
anatomically to the central sympathetic network, which includes the thalamus, hypothalamus,
brainstem, and adrenal medulla (e.g., Westerhaus and Loewy, 2001). Through these multisynaptic connections, amgydala-PFC circuitry modulates the downstream SNS response to
stress. For example, greater amygdala and dorsal medial PFC response to affective information is
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associated with concurrent physiological indices of SNS activity in healthy participants (e.g.,
Wager et al., 2009; Yang et al., 2007).
Given the inconsistencies in cortisol reactivity data in trauma-exposed people, and the
strong interconnections between the salience network and the sympathetic system, sAA
reactivity might be a more reliable neuroendocrine marker for exaggerated threat sensitivity or
vigilance. Our overarching aim was to test and compare two candidate analytes as potential
biomarkers of excessive neural reactivity to actual threat information and vigilance for potential
threat information. We assessed HPA (cortisol) and SNS (alpha amylase) reactivity to a
naturalistic trauma reminder as predictive markers of hypervigilant activation patterns in the
salience network (i.e., amygdala, dorsal ACC, and rostral middle frontal gyrus). We tested two
specific sets of hypotheses. First, if HPA and/or SNS reactivity to trauma reminders predict
neural reactivity to actual threat, we hypothesized that reactivity would be associated with
activation to negatively-valenced information. Second, if HPA and/or SNS reactivity to trauma
reminders predict neural hypervigilance for potential threat, we hypothesized that reactivity
would be associated with activation to novel and/or neutral information.
2. Method
2.1. Participants
We recruited 20 adult women who reported exposure to potentially traumatic events in an
online screening measure. Potential participants were recruited from introductory psychology
subject pool at a large urban university in the northeast US and by responses to an anonymous
online screen advertised on flyers. In the current analyses, we included 20 women (age M = 23.6,
SD = 5.8, range 18 37 years; see Table 5) who met the trauma exposure criterion (Criterion A) of
the posttraumatic stress disorder (PTSD) module of the Diagnostic and Statistical Manual of
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Mental Disorders IV. Additional inclusion criteria included right-handedness and eligibility for
an MRI scan via a standard MRI safety screen (e.g., no metal in the body, no history of
claustrophobia).
2.2. Procedure
Two study sessions were conducted on two separate days. The first session always began
at 10am and included the Structured Clinical Interview for DSM-IV (SCID), collection of three
saliva samples, and a brief set of questionnaires. Participants were fully informed regarding all
study procedures and the general aims of the study prior to participation, and they were fully
debriefed following the second study session. All procedures were approved by the Institutional
Review Board.
2.2.1. Structured clinical interview. We conducted the full SCID for all DSM-IV Axis I
disorders for the purpose of excluding participants who met criteria for major disorders with the
exception of PTSD. No participant met criteria for other major diagnoses, and so none were
excluded. We also asked about current medications during the interview. Two participants
reported prescription medications (1 Prozac, 1 unspecified non-psychoactive medication; their
data did not differ from the other participants’ data and we retained them in the analyses).
2.2.2. Saliva collection. Participants provided saliva samples before, during, and after
describing their traumatic event during the SCID; the report of the traumatic event served as the
trauma reminder. The first saliva sample (T1) was collected at approximately 10:05 am
following informed consent, the second sample (T2) was collected immediately following the
participant’s description of the traumatic event, and the third sample (T3) was collected exactly
20 minutes after the second sample. SAA concentrations at each timepoint reflect sympathetic
responses at that timepoint, whereas salivary cortisol (sCORT) concentrations at each timepoint
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reflect HPA-axis responses ~20 minutes prior to the sample collection. No participants arrived at
the lab within a one-hour window since waking, therefore all samples were taken on participants’
regular diurnal curve, and none of the saliva samples captured the sCORT or sAA awakening
response. We used Salimetrics Oral Swabs (Salimetrics, LLC) placed under the tongue for 2
minutes for saliva collection. Each sample swab was sealed in a cryogenic vial and stored in a 20 C freezer until the assay procedure. Participants were asked to refrain from eating, drinking,
or smoking for one hour prior to the lab session.
2.2.3. Questionnaires. Following the SCID, participants completed the questionnaires,
which included the Perceived Stress Scale (PSS, Cohen et al.,1983), the State-Trait Anxiety
Inventory – State Version (STAI-S, Spielberger et al., 1983), and the Beck Depression Inventory
II (BDI-II, Beck et al., 1996). The PSS is a 10-item scale that measures the degree to which nonspecific situations in a person’s life over the past month are perceived as stressful. Item
frequency is reported from 0 (“never”) to 4 (“very often”), and summed for a possible score
range of 0 to 40. This measure is not diagnostic and therefore has no score cutoffs, however the
US normative mean score for young adults is 14 (Cohen & Williamson, 1988), and scores of 20
or above are consistent with high perceived stress. The STAI-S is a 20-item scale that measures
current levels of state anxiety. Item intensity is reported from 1 (“not at all”) to 4 (“very much
so”), and summed for a possible score range of 20 to 80. This measure also is not diagnostic,
however scores of 40 or above are consistent with high state anxiety. The BDI-II is a 21-item
scale that measures depressed mood over the past two weeks. Item intensity is reported low to
high, specific to each item, on a scale from 0 (not present) to 3 (extreme). This measure also is
not diagnostic, however the following ranges are consistent with levels of generally depressed
mood: 0-13 minimal, 14-10 mild, 20-28 moderate, 29-63 severe.
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The second study session was scheduled within a week of the first session and included
two questionnaires (STAI-S, BDI-II), and the MRI scan.
2.2.4. FMRI task. The fMRI task consisted of four event-related functional runs. These
runs began approximately 20 minutes into the scan session, following an 18 minute sequence of
structural scans, field maps, and resting state scans. This timing minimized the potential for a
confounding influence of scanner-related stress on the BOLD response, as the runs began after
the 15 minute window during which normative scanner-related stress has been shown to occur
and then subside (i.e., Muelhan et al., 2011). During each run, participants viewed 60 full-color
images of randomly presented complex scenes that were positive, negative, or neutral in valence,
and that were lower or higher in arousal. We selected task stimuli from a stimulus set currently
being normed in our lab. The set is designed to depict scenes (rather than discrete objects or
single people/animals), and allows us to balance relevant affective elements such as social versus
non-social content. We selected scenes for this task based on valence and arousal ratings
collected from an initial sample of 748 young adults. Valence ratings were made on a scale of 19, with 1 as most unpleasant and 9 as most pleasant. For the images in this study, valence ratings
were: negative (M=2.61, SD=1.02), neutral (M=5.59, SD=0.84), and positive (M=6.85,
SD=0.86). Arousal ratings also were rated on a scale from 1-9, with 1 for low arousal and 9 for
high arousal. For the images in this study, arousal ratings were: negative (M=5.60, SD=1.02),
neutral (M=3.88, SD=0.65), positive (M=4.58, SD=0.69). Although the arousal ratings for the
negative images are slightly higher than arousal ratings for positive images, they are not
significantly different. We note that our negative and positive images were less extremely
valenced than images often used in imaging studies (e.g., International Affective Picture System
images) in order to more closely approximate the actual valence of visual arrays encountered in
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daily life. Blocks 1 and 2 were novel; participants viewed each of the images in each block for
the first time. Blocks 3 and 4 were familiar; images from Blocks 1 and 2 were repeated in
random order in Blocks 3 and 4. We used the Optseq2 sequence optimization tool
(https://surfer.nmr.mgh.harvard.edu/optseq/) to optimize the rapid event-related runs. Inter-trial
jitter ranged from 1500ms to 6000ms. During each trial, participants viewed a fixation cross for
500ms, followed by an image for 3500ms. Each run was 332 seconds long. Participants were
asked to press a button on the button box to indicate whether the scene was indoors or outdoors
(n=11) or to rate the arousal level for each image (n=9).8
The task was designed and presented using E-prime experimental software (Psychology
Software Tools, Pittsburgh, PA) on a PC. Images were rear-projected to a screen in the magnet
bore, and participants viewed images via a mirror mounted on the head coil.
2.2.5. fMRI Image Acquisition. We used a Siemens Magnetom Trio Tim 3T fMRI
scanner with a 32-channel gradient head coil. We conducted a localizer scan, followed by a
whole brain magnetization prepared rapid gradient echo (MPRAGE) sequence to acquire highresolution T1-weighted images (TR/TE/flip angle = 2.17s/4.33ms/ 7°, field of view (FOV) = 256
x 256 mm2, matrix = 256 x 256, slice thickness = 1mm, voxel size = 1 x 1 x 1.2 mm3).
Functional MRI images were acquired using a blood oxygen level dependent (BOLD)
echoplanar (EPI) T2*-weighted sequence (TR/TE/flip angle= 2.0s/30ms/90°, FOV = 220 x 220
mm2, matrix = 64 x 64, slice thickness = 4mm, voxel size = 3.44 x 3.44 x 4 mm3). The T1and

8

The task difference was due to experimenter error. Following Lieberman et al (2007), who showed that rating
affect reduces amygdala activation, we tested potential group differences. Participants who rated arousal displayed
greater left dACC and insula response to positive images and right dACC response to novel negative images
compared to participants who indicated indoor/outdoor, ps < .05. Participants did not differ in neural activation in
amygdala and rMFG by task type, ps > 05. There were no differences in behavioral indices such as reaction time,
and when we entered task as a covariate in our planned analyses, the results did not change. We therefore report
analyses without task as a covariate.
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T2*-weighted images were collected in the same plane (30 axial slices angled perpendicular to
the AC/PC line) with an interleaved excitation order and foot to head phase encoding.
2.3. Data Preparation
2.3.1. Saliva assays. All assays were conducted in-house by lab personnel. We conducted
alpha amylase assays using Salimetrics kinetic reaction assay kits (Salimetrics, LLC). The assay
utilizes a chromagenic substrate, 2-chloro-p-nitrophenol linked to maltotriose. The amount of αamylase present in the sample is directly proportional to the increase in absorbance measured
spectrophotometrically by a standard plate reader at 405 nm. The intra- and inter-assay
coefficients of variation for these kits are less than 7.5% and 6%, respectively.
We conducted cortisol assays for using Salimetrics enzyme immunoassay kits
(Salimetrics, LLC). The assay utilizes a microtitre plate coated with monoclonal cortisol
antibodies. The amount of cortisol present in the sample is inversely proportional to the amount
of cortisol peroxidase measured spectrophotometrically by a standard plate reader at 450nm. The
intraand inter-assay coefficients of variation for these kits are less than 5% and 10%,
respectively.
2.3.2. fMRI image pre-processing. Functional and structural MRI data were analyzed
using Freesurfer FS-FAST software (version 5.3; http://surfer.nmr.mgh.harvard.edu). Functional
imaging data were motion corrected to the middle time point of each BOLD run using the AFNI
3dvolreg program (Cox and Jesmanowicz, 1999), and inspected for gross motion. Slices were
excluded if motion was greater than 1mm. In addition, BOLD data were intensity normalized and
spatially smoothed (full-width half-maximum = 4mm) using a 3D Gaussian filter. The first three
volumes in each run were discarded to allow for T2* equilibrium effects. Following
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preprocessing, functional images for each participant were registered to that participant’s 3D
MPRAGE image using the FreeSurfer bbregister program (Greve & Fischl, 2009).
2.4 Statistical Analysis
2.4.1. Saliva data analyses. We calculated the sAA response to trauma reminders by
subtracting T1 (baseline) concentrations from T2 (trauma description) concentration, as sAA
reactivity is immediate. We calculated the cortisol response to trauma reminders by subtracting
T2 cortisol concentration from T3 (20 minutes after the trauma description) cortisol
concentration, due to the ~20 minute lag in time-to-peak for salivary cortisol (e.g., Dickerson &
Kemeny, 2004).9 The distribution of sAA reactivity was positively skewed, therefore we used
log-transformed sAA reactivity for the analyses. We first tested the baseline to trauma reminder
differences to determine reactivity by analyte. To test the predictive utility of salivary analytes
on MRI data we conducted bivariate correlations between the increase in saliva analytes and the
a priori brain regions of interest. We also tested the relation between increases in cortisol and
alpha-amylase and PTSD symptoms.
2.4.2. fMRI image data analyses. We conducted first-level analysis using a general linear
model, in which the blood oxygen level-dependent (BOLD) response for each event was
modeled using a SPM canonical hemodynamic response function. We used anatomically defined
region of interest (ROI) analysis for functional data from the amygdala, dorsal anterior cingulate
cortex (dACC), insula, and rostral middle frontal gyrus (rMFG). The ROIs were defined a priori
based on the Desikan-Killiany atlas (Desikan et al., 2006) using an automated segmentation tool
in Freesurfer. BOLD percent signal change was modeled for each condition: 6 factorial
combinations of valence (negative, positive, neutral) and novelty (novel, familiar) versus
9

We did not use T1 as cortisol baseline timepoint because T1 cortisol level would be measuring the state of HPAaxis activity approximately ~15min prior to the lab session given 20-minute lag in salivary cortisol response. (This
footnote was not included in the published version.)
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baseline (fixation). We set the threshold at p < .001 for the rMFG mask, and p < .05 for the
amygdala, dACC, and insula masks.
3. Results
3.1. Descriptive data
Participant characteristics are presented in Table 5. At Session 1 our sample (M=23.5,
SD=7.2) was higher than the normative young adult mean (M=14) for the Perceived Stress Scale,
and our sample mean for State Anxiety (M=46.5, SD= 13.3) was broadly consistent with higher
state anxiety normatively. The Session 1 sample mean for the Beck Depression Inventory (M=
17.1, SD=7.1) is consistent with a mild level of depressed mood. Session 2 means for state
anxiety (M=41.9, SD= 9.7) and depressed mood (M=12.3, SD= 8.2) were lower than Session 1
means. The Session 1 to Session 2 difference in BDI score was driven by 3 participants whose
Session 2 scores were drastically lower than Session 1 scores, although the higher Session 1
scores still were only in the moderate range. This inconsistency for a two-week average measure
could have been due to misreading the instructions and reporting current level of depressed mood
rather than average depressed mood over the last two weeks, and/or due to the mood effect of
having just discussed their trauma during the interview at Session 1. Excluding these
participants’ data, the Session 1 BDI mean was 16.2 and the Session 2 mean was 13.4, which is
more consistent with two measurements taken several days apart. The 3 participants’ PSS and
STAI scores also were higher at Session 1 compared with Session 2, but they did not differ from
the other participants on Session 1 or Session 2 scores or PTSD symptoms, so we retained their
data.
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Participants’ sAA and cortisol levels at each timepoint are presented in Table 6. Means
for the peak magnitude of the BOLD response in the regions of interest by stimulus condition are
presented in Table 7.
3.2. SAA and cortisol reactivity
The sAA increase from baseline (T1) to the time of trauma discussion (T2) was
significant, t(16) = 3.57, p =.002. There was no significant association between sAA reactivity
and total PTSD symptoms, r = .222, p = .347. When examined by PTSD symptom cluster, sAA
reactivity was associated with hyperarousal symptoms at a non-significant trend level (r = .387, p
= .092), but was not associated with re-experiencing (r = .116, p = .627) or avoidance symptoms
(r = .327, p = .159).
The increase from cortisol baseline (T2) to cortisol reactivity (T3) was not significant,
t(18) = 1.01, p = .332. Due to the absence of cortisol reactivity from baseline to trauma
discussion, we excluded the cortisol data from further primary analyses.
3.3. SAA reactivity and the affective brain response
3.3.1. SAA and neural reactivity. We conducted bivariate correlations to investigate
relations between SAA reactivity to the trauma reminder and salience network activation to
affective scenes (see Table 8). SAA reactivity was associated with the right rMFG response to
novel negative images, r = .449, p = .047 (see Figure 8). SAA reactivity was not associated with
the amygdala (right: r = -.219, left: r = .042), dACC (right: r = .224, left: r = .152), or insula
(right: r = .054, left: r = -.078) response to novel negative images, ps > .05.
3.3.2. SAA and neural hypervigilance. In addition, sAA reactivity was associated with the
right amygdala response (r = .518, p = .019) and with the right dACC response (r = .486, p
= .030) to novel neutral images. In addition, an exploratory analysis revealed that sAA reactivity
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as measured by T3 (20 min post-stressor) minus T1 was also associated with the right amygdala
response to novel neutral images (r = .509, p = .022). SAA reactivity was not associated with
activation to novel neutral images in the rMFG (right: r = .387, left: r = .280), insula (right: r
= .342, left: r = .260), left amygdala (r = .209), and left dACC (r = .280), ps > .05.
SAA reactivity was not related to the neural response to novel positive or familiar images
in bilateral amygdala, dACC, rMFG, and insula, ps > .05.
3.4 Cortisol reactivity and the affective brain response.
Although there was no increase in cortisol in response to the stressor at the group level,
we conducted an exploratory analysis of the association between cortisol reactivity and BOLD
responses to the affective stimuli. There was one significant correlation: lower cortisol reactivity
to the trauma reminder was associated with greater activity in the right middle frontal gyrus in
response to familiar negative images (r = -.458, p = .049). There were no other significant
associations.
3.5. PTSD symptoms and the affective brain response
The number of PTSD symptoms was associated with the right rMFG response to novel
negative images, (r = .469, p = .037). Follow-up analyses showed that the right rMFG response
to novel negative images was associated with the number of re-experiencing symptoms (r = .511,
p =.021) and avoidance symptoms (r = .502, p =.024), as well as hyperarousal symptoms at a
trend level (r = .433, p = .056). The number of PTSD symptoms also was negatively correlated
with the right amygdala response to familiar positive images, r = -.477, p = .033. There was no
relation between the number of PTSD symptoms and neural response in bilateral dACC and
insula, ps > .05.
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4. Discussion
Consistent with prior evidence of blunted HPA-axis reactivity in people with a history of
trauma exposure, we did not observe cortisol reactivity in response to our naturalistic stressor
(i.e., self-report of traumatic event during a clinical interview) at the group level. An exploratory
analysis showed that lower cortisol reactivity was associated only with greater middle frontal
activation to familiar negative images, which suggests that people with more blunted cortisol
might also be more likely to continue to process negative content as salient, even when it has
been seen before. On the other hand, there was marked SNS reactivity to the stressor. Taken
together, these data are consistent with the evidence for the influence of trauma history profiles
and also a potential differential effect of trauma on the HPA axis and the sympathetic nervous
system (e.g., Gordis et al., 2008; Klaassens et al., 2009). Whereas SNS reactivity persists over
time following trauma exposure, HPA activity becomes blunted to protect the body from the risk
of long-term immunosuppression by excessive cortisol production (e.g., Cohen et al., 2012).
HPA blunting might have the additional effect of failing to inhibit SNS reactivity; because the
HPA axis normally down-regulates the SNS, less cortisol might lead to sAA hyperactivity (e.g.,
Fries et al., 2005). This pattern of reactivity suggests that (a) SNS reactivity is not subject to the
blunting observed in the cortisol response in some trauma survivors, and (b) SNS reactivity
might be a more reliable marker of trauma-related symptoms. At first glance, these results appear
to be inconsistent with prior work showing no increase in sAA in response to a graphic film in a
sample that included trauma-exposed adults (Chou et al., 2014). However, the unpleasant film
content was by design not trauma-relevant, and one third of that sample had no trauma exposure,
whereas our sample were all trauma-exposed and the trauma reminder was specific to
participants’ trauma experiences. The differences in these results might reflect trauma-specificity
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in the magnitude of sAA reactivity, whereby self-relevant, trauma-relevant information provokes
greater SNS response than unpleasant, but not personally-relevant information.
Both of our hypotheses regarding sAA as a marker for reactivity to actual threat and
hypervigilance for potential threat were supported. SAA reactivity was associated with activation
in the salience network and in particular in the right rostral middle frontal gyrus for novel
negative scenes, supporting the potential for sAA as a marker of reactivity to actual threat.
Although neural reactivity to threat-relevant or negative information is implicated in trauma
(e.g., Shin et al 2007), it is not specific to trauma, so we might expect to observe a similar
relation in other stress-related conditions such as normative state anxiety. In addition, although
peak magnitudes of amygdala activation across all three novel categories were higher than peak
magnitudes for all three novel categories in a normative sample (e.g., Weierich et al 2010), there
was no association between sAA and amygdala activation in response to novel negative (nontrauma) information. This suggests that sAA reactivity to trauma reminders might have greater
specificity as a potential marker for the hypervigilance in the absence of threat that is a signature
characteristic of trauma exposure (rather than just generally unpleasant information).
Supporting our second hypothesis, sAA reactivity was also associated with activation in
the right amygdala and the right dorsal anterior cingulate cortex in response to neutral novel
scenes. Further, in the amygdala this association persisted twenty minutes post-stressor. Such
neural hypervigilance in the absence of threat is more specific to trauma exposure, and this result
highlights the promise of sAA as a potentially specific biomarker. The biology further supports
the strength of this relation, as well as the dissociation between sAA and cortisol as potential
markers. There are strong bi-directional projections and functional connectivity between central
sympathetic areas (e.g., medulla, locus coeruleus) and the amygdala/cingulate/PFC circuit, and
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norepinephrine (NE) in particular operates in feed-forward projections from the former to the
latter. Although the literature is far from clear, with most studies demonstrating only a strong
association between NE and sAA (e.g., Ditzen et al., 2014; Thoma et al., 2012), recent evidence
also shows that NE increases are capable of inducing increases in sAA secretion, even during
alpha-adrenergic blockade (Kuebler et al., 2014). Future work will be necessary to determine
whether the demonstrated capability is in fact the mechanism, and such data would provide
additional support for potential pathways that might underlie the observed relation between sAA
and neural activation in the salience network.
The lateralization of our results was unexpected. Sympathetic stress reactivity
specifically predicted salience network activity in the right but not the left hemisphere. This is
consistent with a growing body of evidence suggesting potential hemispheric asymmetry in
sensitivity to threat (e.g., Gläscher & Adolphs, 2003). For example, the salience network in the
right versus left hemisphere might be more active during rapid threat detection and processing of
negative affect (e.g., Shackman et al., 2009; Yoshimura et al., 2009). In addition, stress is
associated with right amygdala hyperactivity to affectively ambiguous stimuli (Somerville et al.,
2004) and negative stimuli (e.g., Dannlowski et al., 2012). Consistent with these findings, our
data indicate the specificity of the right-lateralized salience network overactivity to potential
threat.
There are several potential limitations to our study. We did not assess waking time, so
although all interview visits began at 10am, we were not able to control for variability in
individual participants’ time since waking. This limitation is unlikely to reflect a confound in the
current data for two reasons. First, we measured differences across relatively short timeframes
(e.g., 20min) along each person’s own diurnal slope. In comparing changes across these time
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periods with the normal diurnal patterns of cortisol and sAA (Nater et al., 2007), it is clear that
the observed increases in sAA and absence of increases in cortisol were not attributable to the
normative decreases in cortisol or increases in sAA across those timeframes. To the contrary, the
observed sAA increase was nearly 3 times the normative increase during a 30 minute period, and
the slight but not significant cortisol decrease is consistent with the normative decrease. Second,
given the distance of participants’ homes from the lab, and transit times in a very large city, no
participant arrived at the lab within one hour of waking. It was thus unlikely that we accidentally
captured any participant’s awakening response, ruling out the potential influence of the sharp
increase in cortisol and decrease in sAA on waking. In addition, although we did not specifically
assess smoking status, the base rate of smoking in the recruitment population is low (9% per
campus public health survey in 2008). The potential effect of a cigarette on sAA reactivity (a
decrease in sAA, and therefore not a confound for the current data; Nater et al., 2007) has been
shown to disappear one hour after the cigarette (Zappacosta et al., 2002). Smoking has been
associated with reduced cortisol reactivity during abstinent periods (e.g., Ginty et al., 2014),
although the likely base rate in the sample is not large enough to confound the group results.
We also did not assess specific time since trauma, so we were not able to control for any
influence of elapsed time on reactivity to the trauma reminder, or to neural reactivity or
hypervigilance in the scanner. However, our data nonetheless represent the relation between
current reactivity to a naturalistic reminder and measured neural hypervigilance, which is aligned
with the timeframe of the use of sAA as a predictive biomarker in clinical settings. People seek
therapy at widely varying amounts of elapsed time since the traumatic event, and our data
suggest that sAA during clinical interview provides a solid marker of current potentially
maladaptive hypervigilance. In addition, our sample was comprised of trauma-exposed women
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who varied along the continuum of trauma-related symptoms, and only three met criteria for a
diagnosis of PTSD. Our results therefore might not generalize to people with PTSD, although in
accord with a dimensional perspective on psychopathology, we suggest that the pattern of results
is likely to be even more robust in a more severe sample. Further research should investigate the
relation between sAA reactivity to trauma reminders and hypervigilance in a clinical sample.
Finally, although our recruitment of only women allowed us to control for potentially
confounding sex differences in affective systems, it also limited the generalizability of our
results. For example, the blunting of the HPA axis is more often reported in studies on traumaexposed women than men (e.g., Meewisse et al., 2007). In addition, potential sex differences in
types of trauma, perceived controllability, and coping abilities might contribute to differences in
the impact of trauma on endocrine and neural systems (e.g., Olff et al., 2007). Future studies not
only should test sex differences, but also control for sex-related individual differences including
menstrual phase, that could have blunted the current results. A larger sample will facilitate both
replication and testing of these potential covariates.
This study has three major strengths. First, we uniquely and explicitly measured both
neural reactivity to actual threat (i.e., reactivity to negative images) and neural hypervigilance
for potential threat (i.e., reactivity in the absence of threat-relevant or negative information).
Although both are relevant trauma-related phenomena, we suggest that the latter more closely
represents the tonic heightened state of vigilance in trauma-exposed people, and also is more
specific to trauma-related pathology generally. In turn, this heightened state of vigilance can
predispose the person to excessive reactivity if and when an actual threat stimulus appears.
Second, we demonstrated that salivary sAA might be a reliable marker of trauma-related
hypervigilance, as indexed by brain activation in the absence of threat. On a practical level,
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although sAA reactivity to reporting of a traumatic event would not constitute a sufficient
diagnostic tool on its own, this non-invasive and relatively inexpensive adjunct to initial
assessment could enhance diagnostic precision by providing an index of the degree to which a
particular person might be hypervigilant, and potentially maladaptively so, in the world. The
primary motivation for this investigation was to test whether SNS reactivity to reminders of a
person’s trauma, as measured with simple saliva samples taken, for example, during a standard
psychological intake interview in the clinic, might provide a more objective marker of the degree
to which a client is hypervigilant in other settings, such as walking down the street. Similarly,
sAA might serve as a treatment outcome marker indexing improvement in hypervigilance over
time. Third, we also intentionally utilized a relatively mild and yet naturalistic stressor; we used
each participant’s self-report of the traumatic event during the clinical interview as a closer
analogue to the trauma reminders people actually experience in the world. Whereas many prior
studies of responses to trauma reminders have leveraged extreme representations of the traumatic
events (e.g., detailed script-driven imagery, graphic videos or photographic images) to induce
and measure reactivity, in daily life the reminders are likely to be more subtle. Thus our
endocrine reactivity results, although smaller in magnitude than some studies, might more
closely approximate the actual experience of reactivity in the world. Similarly, our affective
scene stimuli presented during the fMRI session varied along the dimensions of arousal and
valence, but did not represent valence extremes such as those of other image sets (e.g., mutilated
bodies, highly erotic images). Because we were more interested in the actual daily experience of
trauma-exposed people in the world, we used images that were more consistent with the valence
and arousal levels of most visual arrays encountered in daily life.
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The normative stress response is part of a properly functioning human system, and when
experienced at moderate levels (i.e., lesser frequency and/or lower magnitude) it promotes
healthy allostasis (e.g., McEwen, 2012). For example, the systemic response to moderate shortterm stress can enhance immune function (e.g., Dhabhar, 2014), facilitate cognitive performance
(e.g., Beste et al., 2013; Kofman et al., 2006), and promote resilience to future stressors (e.g.,
Seery et al, 2010). In response to a more extreme stressor such as a traumatic event, most people
experience physiological arousal and perceptions of the context or environment as unsafe
immediately following the event, and temporarily heightened reactivity and vigilance are part of
the normative and adaptive response. The function of the stress response in such a situation is to
prepare the system to respond to actual threat, and to enhance the person’s alertness for potential
environmental threat. It is entirely reasonable, for example, that a person who was mugged on
the street might experience a marked spike in arousal and concurrent alertness for days afterward
when walking at night, or when in similar settings. In most people this reaction subsides within a
reasonable period of time. However, for some people the stress response to a traumatic event is
disproportionate in magnitude, duration, and overgeneralization to other contexts and stimuli.
This potentially maladaptive pattern of continued reactivity and vigilance can be exacerbated by
preand post-trauma psychosocial factors. Prospective assessments of pre-trauma factors show
that factors predicting the development of trauma-related symptoms include prior exposure to
other trauma, an absence of family or other support, concurrent stressors such as financial
difficulties, and a tendency toward avoidant coping (e.g., DiGangi et al., 2013). Post-trauma
factors that can maintain the maladaptive response include higher cognitive processes such as
post-hoc appraisals of objectively safe situations or stimuli as threatening (e.g., Olff et al.,
2005b), and the behavioral reinforcement of avoidance coping (i.e., avoidance results in reduced
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aversive arousal, thus negatively reinforcing the avoidance). Over time the cycle can become
even more insidious, as the negative cognitive appraisals initially formed to interpret the actual
threat event both (a) can themselves increase the neuroendocrine stress response (e.g., Olff et al.,
2005a), and (b) become more automatic. The results of the current study might reflect such an
overlearned, habitual hypervigilance in the absence of threat.
5. Conclusions
We tested the utility of salivary sAA and cortisol in predicting maladaptive affective
processing following trauma exposure. In response to a trauma reminder, sAA increased from
the baseline, whereas cortisol reactivity was blunted. SAA reactivity to the trauma reminder
predicted both heightened neural reactivity to actual threat, and also neural hypervigilance in the
absence of threat. Our results suggest that sAA could be an effective and cost-efficient biomarker
for vigilant affective processing, which at the extreme could be maladaptive, following trauma.

73
Table 5. Participant Characteristics (N = 20)
Variable

Statistic

Age in years, M (SD)

23.6 (5.8)

Race/ethnicity, > (%)
White, non-Hispanic

3 (15.0)

Black, non-Hispanic

4 (20.0)

Asian/Pacific Islander

7 (35.0)

Hispanic

1

Multiple

2 (10.0)

Other

3 (15.0)

Number of trauma types, M (SD)

(5.0)

2.5 (0.9)

Trauma type, > (%)
Natural disaster

1

(2)

Fire/explosion

3

(6)

Motor vehicle accident

5 (10)

Other serious accident

5 (10)

Physical assault

10 (20)

Sexual assault

5 (10)

Other unwanted sexual experience

1

(2)

Life-threatening injury/illness

3

(6)

Severe human suffering

1

(2)

Witness violent death

2

(4)

Sudden, unexpected death of loved one

6 (12)
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Caused serious injury/death of another

1

Other very stressful event

7 (14)

Total number of PTSD symptoms, M (SD), Range

(2)

7.3 (5.1), 0 – 15

Re-experiencing symptoms

2.5 (1.7), 0 – 5

Avoidance symptoms

2.6 (1.9), 0 – 6

Hyperarousal symptoms

1.8 (1.8), 0 5

Perceived Stress Scale, M (SD), Range

23.5 (7.2), 11 – 38

STAI-S, M (SD), Range
Session 1

46.5 (13.3), 25 – 64

Session 2

41.9 (9.7), 26 61

BDI II, M (SD), Range
Session 1

17.1 (7.1), 5 – 32

Session 2

12.3 (8.2), 1 – 31
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Table 6. Alpha amylase and cortisol by collection timepoint.
M (SD)
Hormone

T1

T2

T3

Alpha Amylase in U/ml

46.5 (34.5)

76.8 (56.5)**

75.1 (76.5)*

Cortisol in μg/dl

0.33 (0.31)

0.27 (0.24)

0.25 (0.19)

Note. SAA reactivity is indexed by the difference from T1 to T2 samples, due to the rapid
increase in sAA concentrations in response to a stressor. Cortisol reactivity is indexed by the
difference from T2 to T3 samples, due to the approximately 20 minute delay for the increase in
cortisol concentrations in response to a stressor. There was a significant increase in sAA from
baseline to the time of trauma discussion, which was maintained at T3. The maintained increase
in sAA at T3 reflects the content of the interview at that point; most participants still were
responding to interview questions about trauma symptoms related to the index event. There was
no increase in cortisol.
* p < .05; ** p < .01
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Table 7. Peak BOLD magnitude by contrast category.
% signal change M (SE)
Right

Left

Amygdala

.17 (.10)

.26 (.08)

Rostral middle frontal gyrus

.22 (.09)

.11 (.08)

Dorsal anterior cingulate cortex

.05 (.06)

.10 (.05)

Insula

.14 (.07)

.23 (.05)

Amygdala

.20 (.07)

.26 (.07)

Rostral middle frontal gyrus

.26 (.09)

.16 (.07)

Dorsal anterior cingulate cortex

.09 (.05)

.08 (.06)

Insula

.03 (.05)

.15 (.05)

Amygdala

.23 (.06)

.24 (.07)

Rostral middle frontal gyrus

.19 (.09)

.11 (.08)

Dorsal anterior cingulate cortex

.09 (.05)

.09 (.06)

Insula

.03 (.05)

.15 (.05)

Novel Negative vs Fixation

Novel Neutral vs Fixation

Novel Positive vs Fixation

Familiar Negative vs Fixation
Amygdala

-.01 (.12)

.07 (.11)

Rostral middle frontal gyrus

.02 (.08)

-.08 (.08)

Dorsal anterior cingulate cortex

-.03 (.04)

.01 (.05)

Insula

-.16 (.06)

.01 (.08)

Amygdala

.07 (.07)

.10 (.09)

Rostral middle frontal gyrus

-.00 (.11)

-.10 (.09)

Dorsal anterior cingulate cortex

-.01 (.06)

-.00 (.11)

Familiar Neutral vs Fixation
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Insula

-.18 (.06)

-.12 (.08)

Amygdala

.02 (.14)

.06 (.11)

Rostral middle frontal gyrus

.00 (.07)

-.09 (.06)

Dorsal anterior cingulate cortex

-.03 (.04)

-.07 (.04)

Insula

-.19 (.04)

-.19 (.07)

Familiar Positive vs Fixation
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Table 8. Correlations between sAA reactivity and BOLD response in regions of the salience
network.

sAA reactivity
Right

Left

Amygdala

-.219

.042

Rostral middle frontal gyrus

.449*

.214

Dorsal anterior cingulate cortex

.224

.152

Insula

.054

-.078

Amygdala

.518*

.209

Rostral middle frontal gyrus

.387

.280

Dorsal anterior cingulate cortex

.486*

.121

Insula

.342

.260

Amygdala

.182

.183

Rostral middle frontal gyrus

.139

.176

Dorsal anterior cingulate cortex

.426

.354

Insula

.207

.004

Amygdala

.431

.088

Rostral middle frontal gyrus

.128

.147

Dorsal anterior cingulate cortex

.153

-.029

Insula

.146

.194

.202

.209

Novel Negative vs Fixation

Novel Neutral vs Fixation

Novel Positive vs Fixation

Familiar Negative vs Fixation

Familiar Neutral vs Fixation
Amygdala
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Rostral middle frontal gyrus

.327

.317

Dorsal anterior cingulate cortex

.220

.345

Insula

.373

.385

Amygdala

-.073

-.066

Rostral middle frontal gyrus

.120

.120

Dorsal anterior cingulate cortex

.123

.043

Insula

.271

.184

Familiar Positive vs Fixation

* p < .05
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Figure 8. Relation between salivary alpha amylase and amygdala response. Salivary alpha
amylase reactivity to the trauma reminder during the interview was associated with reactivity to
negative novel scenes in the right rMFG (left panel), and with vigilance indexed by response to
neutral novel information in the right amygdala and right dACC (right two panels).
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Chapter 5: General Discussion
The overall goal of this dissertation was to investigate neural signatures and salivary
markers of post-trauma hypervigilance. We addressed this goal by investigating the multiple
levels of neurobiology that might underlie an overactive alert system in trauma-exposed women
by utilizing functional and structural MRI, as well as stress hormone assays.
Previous research has demonstrated over-reactivity in the salience network to actual
threat-related information as a potential mechanism of heightened threat sensitivity following
trauma exposure (e.g., Rauch et al 2006). Increased neural activity in these regions implies
greater affective response and recruitment of attentional resources (e.g., Van Marle et al., 2010).
In addition to exaggerated reactivity to threat or trauma-related information at hand, traumaexposed people often show a cognitive, affective and behavioral state of tonic readiness or
sustained vigilance for potential threat (e.g., Kimble et al., 2013). However, existing studies on
reactivity to actual threat (e.g., trauma-related or highly unpleasant stimuli) do not capture the
mechanisms of hypervigilance, which is chronically present in daily life even in the absence of
threat and is often triggered by ambiguity or uncertainty.
To address this gap in the research, we investigated the neural mechanisms of
hypervigilance in trauma-exposed people on the multiple levels of neurobiology including the
function and the structure of the central nervous systems, sympathetic nervous system of the
peripheral nervous system, and the hypothalamic-pituitary-adrenal axis of the neuroendocrine
system (see Figure 1).
The goal of the first study (Chapter 2 Yoon & Weierich, under review), which focused on
the neural activity in the amygdala was to test the hypothesis that trauma exposure is associated
with over-generalization of threat response in the amygdala to already-seen (i.e., familiar)
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ambiguous information. Consistent with our hypothesis, trauma-exposure is associated with
hypervigilant amygdala activity to familiar neutral information. Thus, trauma-exposed women
displayed a hypervigilant amygdala response to familiar neutral images, but in the absence of
any valenced information, whereas no-trauma controls responded less to familiar information
than they responded to fixation. Although affective ambiguity initially evoked the amygdala
response in both groups, with repeated presentation, it no longer activated the amygdala in
controls, in line with the prior evidence for normative habituation in healthy people. Traumaexposed people, on the other hand, showed persistent amygdala activation to already-seen
information as if it was novel or potentially threatening.
Although there have been prior studies that demonstrated amygdala hyperactivity to
neutral information in people with trauma-related symptoms (e.g., Brunetti et al., 2010), other
studies showed no associations (e.g., Shin et al., 2005). The current study might explain the
inconsistencies in the literature, at least in part, by taking a unique approach to investigating the
response to neutral information in a habituation paradigm. Trauma-related hypervigilance might
be driven by the difficulties in the brain’s alert systems to habituate to affectively ambiguous
information and to treat the information as safe or not relevant when it becomes familiar.
Further, the current results suggest that overgeneralization of threat might be a cardinal aspect of
maladaptive affective processing in trauma-exposed people. Thus, people who experienced
maladaptive level of vigilance following trauma might benefit from interventions that emphasize
on reducing arousal level and re-evaluating threat estimates particularly in ambiguous or
uncertain contexts.
Further, neutral images are often used as a baseline condition to contrast with a condition
of interest (e.g., unpleasant images) in neuroimaging and behavioral studies of trauma exposure
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and PTSD (e.g., Stevens et al., 2017; Williams et al., 2006). The results from the current study,
together with previous studies that showed individual differences in neural response to neutral
information (e.g., Brunetti et al., 2010; Schwartz et al. 2003; Somerville et al., 2004), suggest
that using neutral images as a baseline might pose difficulties in understanding the independent
effect of a condition of interest (e.g., negative information) on observed group differences. Given
there is no absolute baseline (i.e., an index for zero brain activity) in the data acquired by the
fMRI, using a fixation condition as a baseline still does not inform us about the absolute
differences in the neural activity to a particular stimulus across participants. With fMRI data, we
can determine the relative level of activity, but cannot determine how close the activity is to
tonic baseline activation (e.g., Stark & Squire, 2001). However, given the accumulating evidence
for robust individual differences in the response to neutral information, using fixation rather than
neutral images as a baseline would ease interpretation of data.
The second study (Chapter 3; Yoon & Weierich, 2017) was to investigate the white
matter structures in the central nervous system that might have a crucial role in hypervigilance
by integrating the data from diffusion weighted imaging (DWI) and task-based functional MRI.
This research was motivated by the notion that the amygdala is interconnected to the prefrontal
cortices that are involved in top-down regulation of the limbic response via the cingulum and the
uncinate fasciculus. As hypothesized, decreased structural integrity of the anterior part of the
cingulum, an affect-relevant major white matter bundle that connects the amygdala and the
prefrontal cortices, was associated with less discrimination between novel and familiar affective
images in the amygdala. These results suggest that impaired white matter integrity of the CGC
might play a role in inefficient communication between the amygdala and prefrontal cognitive
control areas, which might in turn lead to less top-down inhibition of amygdala activity, which
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contributes to generalized threat response and hypervigilance that persists in the absence of
threat.
The current study makes a novel contribution to the DWI literature on trauma by
indexing maladaptive affective response patterns with a functional neural marker, rather than
relying on self-report, and testing the relation of that functional marker to white matter tract
integrity. By demonstrating the potential interplay between structural and functional neural
variations in the affective circuitry, this study also contributes to an integrated and refined neural
model of maladaptive affective processing in people with trauma exposure.
The last study (Chapter 4; Yoon & Weierich, 2016) was designed to investigate salivary
analytes of the sympathetic nervous system and the stress-related neuroendocrine system (i.e.,
HPA axis) that could predict post-trauma symptoms including hypervigilance and heightened
threat sensitivity. Prior evidence shows close anatomical and functional connections between the
amygdala and the central sympathetic areas (e.g., medulla, locus coeruleusas, as well as the areas
of the hypothalamus that regulates the HPA axis (e.g., Viljoen & Panzer, 2007). In response to a
mild stressor (i.e., a discussion of a traumatic event), there was a robust increase in salivary alpha
amylase (sAA), which reflects sympathetic activity, but no change in salivary cortisol, which
reflects HPA axis activity. This result adds to the existing literature that suggests that sAA might
be a more reliable marker to map variation in stress or threat-related responses following trauma,
in comparison to cortisol, given HPA axis blunting following extreme stress (e.g., Cohen et al.,
2012; Nater & Rohleder, 2009). More importantly, sAA reactivity to the trauma reminder was
associated with post-trauma neural hypervigilance for potential threat (response to novel neutral
information) and reactivity to threat (response to novel negative information) in the salience
network.
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Although the utility of sAA in clinical populations with PTSD should be tested in future
work, sympathetic reactivity to trauma reminder, measured via a simple saliva sample, might
provide a more objective marker of tonic hypervigilance at relatively low cost. Thus, sAA might
serve as a non-invasive and relatively inexpensive tool to enhance diagnostic precision of
trauma-related symptoms before and during therapeutic intervention.
All three experiments in the current dissertation work should be replicated in clinical
samples with PTSD, in order for the results to be generalizable to PTSD patients. Our
speculation is that persistent amygdala activation to neutral information, as well as impaired
discrimination of familiar and novel affective images would be more evident and consistent in
the people with PTSD, considering a dimensional perspective on psychopathology. On the other
hand, the robust differences between TE women and controls might underscore the impact of
trauma exposure itself on affective processing, and the potential value in assessing trauma
exposure even in patients with other affective or stress-related disorders.
In addition, future work should replicate the current results in men, given evidence in the
literature for sex differences in HPA axis activity (e.g., Uhart et al., 2006), as well as the
amygdala response to affective information (e.g., Felmingham et al., 2010). In addition, sex
differences in exposure to particular trauma types and coping strategies might contribute to
potential differences in neural and hormonal functioning following trauma exposure (Olff et al.,
2007).
In conclusion, the first two parts of the current dissertation work suggested the following
two candidate neural mechanisms of hypervigilance for potential threat in trauma-exposed
people in the central nervous system. First, impaired amygdala discrimination between novel and
familiar affective information might underlie persistent behavioral hypervigilance. In particular,
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exaggerated amygdala response to already-seen, affectively ambiguous objects or contexts
encountered in daily life might imply post-trauma hypervigilance. Second, less structural
integrity in the anterior cingulum might contribute to hypervigilance in trauma-exposed people.
Additionally, the last part of the study suggested that salivary alpha amylase, the downstream
output of the sympathetic nervous system activity, as a potentially useful biomarker that predicts
such neural hypervigilance following trauma. These data contribute to our understanding on
neurobiological underpinnings of maladaptive vigilance and affect in trauma survivors, and
opens the possibility of using salivary alpha amylase as an effective biomarker of hypervigilance.
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